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ABSTRACT   The marine infaunal polychaete Nereis diversicolor has been 
shown to restrict the development of pioneer saltmarsh vegetation in south-east England 
through bioturbation and herbivory while surface deposit feeding. This can have severe 
implications for saltmarsh conservation as in the UK the greatest loss of internationally 
important saltmarsh habitat occurs in these estuaries. This thesis addresses several 
aspects of the ecology of N. diversicolor as an ecosystem engineer. The main aims were 
to investigate how it disperses and colonises sediments, what food sources support its 
often dense populations and whether these are enhanced by nutrient pollution, and what 
other effects on the habitat and other benthic fauna they may have. A 12 month 
experiment on the Crouch Estuary demonstrated that N. diversicolor disperse 
throughout the year, from the water column as late larvae and juveniles, and as adults 
crawling across the sediment surface. Peak dispersal is during late summer, but was not 
necessarily density dependant and individuals may disperse several times. There may be 
population differences in the stages of dispersal as funnel trap data from the Thames 
estuary indicate that N. diversicolor also disperse as much younger larvae. Multiple 
stable isotope (δ 13C and δ 15N) analyses were used approach was employed to test the 
hypothesis that N. diversicolor feeding behaviour was affected by sewage inputs, which 
would encourage surface deposit feeding on organic detritus,  microphytobenthos and 
benthic macroalgae, rather than suspension feeding on phytoplankton and water column 
organic matter. At polluted sites N. diversicolor were mainly surface deposit feeders 
feeding on Ulva sp. and sediment organic matter, and at putative clean sites suspension 
feeding was more important. Their diet varied spatially as in some locations Spartina 
anglica detritus was important while in others Nereis was a secondary consumer, 
feeding on the amphipod Corophium volutator. A seasonal study using stable isotopes 
revealed differences in feeding behaviour between the Wallasea Island managed 
realignment site, and in an adjacent natural saltmarsh. At the realignment site benthic 
algae were the important food source, whereas in the mature marsh Nereis consumed 
predominantly Spartina anglica detritus, C. volutator, and was suspension feeding on 
water column organic matter. Preventing Nereis from surface deposit feeding within the 
recharged sediments in the Wallasea Island managed realignment site resulted in a 
reduction in sediment water content, increased sediment stability and development of 
diatomaceous mats. However, the exclusion did not provide refuge for young Nereis 
and bivalves, or encourage the successful establishment of pioneer marsh species (S. 
anglica and S. europaea agg.). 
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CHAPTER 1  GENERAL INTRODUCTION 
 
1.1 INTRODUCTION 
Burrowing benthic invertebrates can be important ecosystem engineers, which modify 
their habitat significantly (Jones et al., 1994).  This study is an investigation of some 
aspects of the behaviour and ecology of the burrowing marine polychaete Nereis 
diversicolor, an ecosystem engineer of intertidal soft sediments and a dominant and 
widespread member of the estuarine infauna of south-east England (Jackson et al., 
1985; Beardall et al., 1990; Hughes & Gerdol, 1997). Recent research in this region has 
demonstrated that Nereis has a significant effect in reducing sediment stability and 
restricting the growth of algae and the development of internationally important 
saltmarsh vegetation through its feeding and bioturbatory activities (Hughes, 1999; 
Emmerson, 2000; Paramor & Hughes, 2004, 2005 & 2007). This thesis reports a study 
of some unknown aspects of the behaviour and ecology of this species, particularly its 
dispersal and colonisation behaviour, its diet and how this may be affected by nutrient 
enrichment of local sources of primary productivity. In addition, a study at Wallasea 
Island investigated if Nereis in a new managed realignment site feeds differently to 
those nearby in a natural saltmarsh, and hence may influence the development of new 
intertidal assemblages.    
 
1.1.1 Nereis diversicolor 
Nereis (= Hediste) diversicolor (O.F. Müller, 1776), (hereafter referred to as Nereis) the 
harbour ragworm is an errant marine polychaete that lives within semi-permanent 
mucus lined Y-shaped burrows in intertidal soft sediments. It is widely distributed and 
often dominant in intertidal sediments of European, and Atlantic North American 
coasts. Nereis has a wide range of physiological tolerances to different environmental 
conditions, including varied salinities and low oxygen concentrations. Nereis is robust 
and of a suitable size for easy collection and laboratory observations, and has been the 
subject of extensive and wide ranging research (ecological, genetic physiological), (e.g. 
Dales, 1951; Esselink & Zwarts, 1989; Scaps, 2002). 
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Nereis is a widely distributed species, but there is variability in its population structure 
and reproductive cycles (Scaps, 2002). Table 1.1 summarises European studies listing 
population densities and the variation in spawning events observed for Nereis. Some 
populations exhibited a discrete single episode of spawning, while others had extended, 
multiple or continuous ones.  Although much work has been conducted on describing 
populations of Nereis, the large latitudinal differences in population structure and 
reproductive cycles highlights the importance of studying local population as 
assumptions based on the literature may not be applicable. Limited dispersal may lead 
to isolation and genetic differences between sub-populations at a local scale allowing 
adaptations to local environmental conditions (Virgilo & Abbiati, 2004). Differences in 
reproductive behaviour of populations can have implications for spatial and temporal 
patterns in dispersal and colonisation by Nereis.  
 
 Table 1.1 The variation in maximum mean densities (no.m
-2
) and spawning  
  behaviour of Nereis in Europe. 
Country Estuary 
 
Max 
densities 
Spawning 
events 
Spawning 
period 
Source 
      
England Blyth ----- 1 March Olive & Garwood, (1981) 
 Stour 5682 ---- ------- Jackson et al., (1985) 
 Thames 280 1 Feb Dales (1950; 1951)  
Scotland Ythan 961 2 Jun- Aug 
Jan - Mar 
Chambers & Milne, (1975) 
Denmark Norsminde Fjord 1305* 1 Apr- Jul Kristensen (1984) 
Sweden West coast ----- 1 May Möller   (1985) 
France Authie 3584 ----- ----- Durou et al., (2007) 
 Seine 920 ----- ----- Durou et al., (2007) 
 Loire 900* 2 June/July 
October 
Gillet & Torresani, (2003) 
Portugal Ria de Aveiro 718* 2 April 
June - Oct 
Abrantes et al. (1999) 
Spain Gernika 1060 continuous n/a García-Arberas & Rallo (2002) 
      
* = the annual mean densities 
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1.1.2 The study region 
The estuaries of SE England (mostly Essex but also Suffolk and north Kent) have 
extensive areas of internationally important saltmarsh habitats that support plants, 
insects and birds of conservation interest. In addition they are important as natural 
coastal defences in this low-lying region (Hill et al., 1996) (Figure 1.1). Nereis is a 
significant trophic link for many important resident and migrating bird species in SE 
England (i.e. Grey Plover, Curlew, Dunlin, Redshank) that use the intertidal areas as 
feeding, roosting and breeding grounds (Evans et al., 1998; Atkinson, 2004). The 
importance of the region is recognised by it having the greatest proportion by area of 
protected sites in the UK,, including 28% and 20 % respectively of coastal RAMSAR 
and Special Protected Areas (SPAs) (Plaze & Keddie, 1996).   
The loss of the saltmarsh habitats in the UK is a significant conservation and coastal 
management issue. In SE England saltmarshes have been eroding rapidly for the last 50 
years, and in this region 65 % of the UK losses of saltmarsh has occurred. Several 
possible causes have been suggested including increased wave action, sea level rise and 
land claim (Pye & French, 1993). The UK‟s response to the loss of saltmarsh and 
mudflat habitats  is managed realignment (also known as „managed retreat‟) where an 
existing sea defence is deliberately breached or allowed to fail to allow the flooding of 
the hinterland, to create new mudflat and saltmarsh habitats (French, 2006). In SE 
England there are currently nine managed realignment schemes which aim to 
compensate for the loss of these important habitats and provide an economic solution to 
coastal defences in this vulnerable region (Dixon et al., 2008). 
This loss of saltmarsh habitat is occurring at the seaward edges, and in the internal 
creeks, where the pioneer plant species (i.e. Salicornia europaea agg. and Spartina 
anglica) are the first colonisers of accreting sediments (Pye & French, 1993). Nereis is 
an abundant member of the high intertidal fauna in the estuaries of SE England (Jackson 
et al., 1985; Beardall et a., 1990; Hughes & Gerdol, 1997; Paramor & Hughes, 2004). 
The significance of the bioturbatory and feeding activities by infauna (including Nereis) 
at these mudflat-saltmarsh interface areas, including experiments in managed 
realignment sites, have implicated Nereis in saltmarsh erosion through bioturbation and 
herbivory (Emmerson, 2000; Paramor & Hughes, 2004, 2005, 2007). Further study of 
the dispersal and feeding behaviour of Nereis in these estuaries will, therefore, be of 
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relevance in the context of current research of its role as an important ecosystem 
engineer. 
 
Figure 1.1 Map of the estuaries of south-east England, UK (from Wolters et al., 
2005b) 
 
1.1.3 Nereis dispersal behaviour 
Nereis has been described as having a holobenthic life cycle where the eggs and larvae 
are brooded in the maternal burrow where they undergo direct development to a benthic 
neochaete larva (Dales, 1950; Bartels-Hardege & Zeeck, 1990; Marty & Retiére, 1999). 
Despite having apparent restrictive dispersal capabilities, a holobenthic lifecycle may 
allow a greater flexibility in the level of development of the progeny that disperse, and 
the extent to which dispersal may occur. Larvae of Nereis have been observed in the 
water column (Dales, 1950), and within estuarine sediments where no adults were 
present (Smith, 1964). This suggests plasticity in its dispersal ability and thus allowing a 
greater capacity for colonisation of new habitat. 
Nereis can be very abundant within estuaries, particularly in the middle and upper 
reaches (Kristensen, 1984). In the estuaries of SE England Nereis is very dominant, and 
extensive surveys conducted in this region found Nereis to be present in 93 % of 137 
sites in the Crouch and Blackwater estuaries (Hughes & Gerdol, 1997) and in 87 % of 
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the samples taken along the banks of the Orwell (Beardall et al., 1990). Nereis is also a 
rapid coloniser of estuarine habitats, including newly accreting sediments of managed 
realignments, reaching high densities after only a few months (Hall & Frid, 1998; Lewis 
et al., 2003; Bolam et al, 2004 Garbutt et al., 2006). Despite the current awareness of its 
cosmopolitan distribution and successful colonisation abilities, little is known about 
how this species disperses and colonises sediments, and which stages/sizes undertake 
dispersal. Studies that have concentrated on the whole assemblages, do not identify the 
different life stages of colonists often using too large a sieve mesh size (Santos & 
Simon, 1980). The temporal dispersal behaviour of all life stages of Nereis will be 
examined in this thesis, to reveal how Nereis is able to rapidly colonise and maintain 
their dense populations in the upper intertidal sediments of SE England. 
 
1.1.4 Nereis feeding ecology 
Nereis exhibits a wide variability in its feeding behaviour, which may be expected to 
differ spatially along an estuarine gradient and temporally as food sources change (Doi 
et al., 2005). It is an opportunistic omnivore and can be a predator and scavenger of 
invertebrates using its powerful jaws on its eversible proboscis (Figure 1.2 (a)) 
(Hiddink, et al., 2002; Fidalgo e Costa et al., 2006). Nereis can also be a surface deposit 
feeder consuming benthic macroalgae, microphytobenthos and plant detritus by 
partially emerging from its burrow taking a proboscis full of material and retreating into 
the burrow (Figure 1.2(b)) (Smith et al., 1996; Engelsen & Pihl, 2008). Nereis can also 
be a suspension feeder by consuming a mucous net produced at the top of its burrow 
which catches material brought into the burrow by the worm creating an inhalant 
current (Riisgård, 1991).  Factors affecting its feeding behaviour will have varying and 
consequent impacts on other fauna and on the environment. As a suspension feeder it 
may reduce near-bottom phytoplankton concentrations (Riisgård et al., 1996), while 
having little impact of the stability of surface sediments. However, if Nereis is mainly 
deposit feeding then this can be linked to a reduction in algal biomass and sediment 
stability (Figure 1.2 (c)) (Smith et al., 1996; Nogaro et al., 2008). Benthic organisms 
may exhibit a switch in feeding behaviour, as the quantity and quality of food sources 
varies (Fauchald & Jumars, 1979; Rossi, 2003; Vizzini & Mazzola, 2003), thus it is, 
important to understand under what conditions the feeding behaviour of Nereis changes. 
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Increased organic pollution in coastal regions may be related to an increase in benthic 
invertebrate biomass as the organisms have more to feed on, either directly on 
particulate organic matter, or indirectly through increased production of their algal or 
plant food. This has been observed in the Wadden Sea (Beukema & Cadée, 1997) and in 
SE England where populations of Nereis have increased in abundance in response to 
increases in organic inputs from sewage and agriculture (Beardall et al., 1990). Changes 
in wading bird population densities in the Orwell estuary have been linked to a decline 
in invertebrate densities following a reduction in sewage organic inputs (Armitage et 
al., 2003).A stimulation of deposit feeding infauna, in particular polychaetes, can occur 
following an increase in organic enrichment of sediments (Spies et al., 1989; Rossi, 
2003), thus the feeding behaviour and diet of Nereis may be affected by nutrient 
pollution which stimulates local benthic productivity. It is hypothesised that in areas 
impacted by sewage inputs, Nereis will be at higher densities and be predominantly 
surface deposit feeding on organic matter and benthic algae, whereas at putatively 
cleaner sites where benthic food is less abundant it will rely more on suspension 
feeding. 
                             
(a)             (b)                  (c)  
Figure 1.2 (a) Anterior of an adult Nereis with its proboscis everted. 1 = jaws, 2 = 
paragnaths, 3 = palps, 4 = eyes, 5 = antennae (b) Nereis feeding on the surface and (c) 
burrows of Nereis and feeding depressions on the sediment surface ((images (b) by R. 
Hughes and (c) from Smith et al., 1996).  
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1.1.5 Effects on the environment and other species   
Studies of saltmarsh restoration and creation often focus on the vascular plant, fish and 
bird assemblages rather than the invertebrate infauna (Moseman et al., 2004). Saltmarsh 
has been shown to develop below its generally accepted lower limit of Mean High 
Water Neap Tide Level (MHWNTL), when in the absence of Nereis and other 
burrowing invertebrates (Hughes, 1999)., Hughes et al., (2000) proposed an alternative 
state hypothesis for the recent erosion of pioneer marsh based on the effects that infauna 
may have at the saltmarsh-mudflat interface through their bioturbatory and herbivory 
behaviour. Although the vertical distribution of Nereis overlaps with the pioneer zone 
vegetation the alternative state hypothesis states that the distribution of Nereis and 
vegetation can be mutually exclusive. Nereis is deterred from burrowing in vegetated 
areas as the root systems restrict their ability to burrow. Saltmarsh plants, particularly 
Salicornia sp.  can develop where Nereis is absent, but only there is an adequate local 
supply of seeds available (Hughes & Paramor, 2004). This relationship between Nereis 
and saltmarsh vegetation may have important implications for the early succession of 
vegetation within managed realignment sites, where Nereis may have already become 
established within the accreting sediments and prevent saltmarsh development . 
 
Nereis may also affect the recruitment of other species which are important prey items 
for fish and birds using managed realignment sites (Evans et al., 1998). Nereis exhibits 
territorial behaviour (Reise, 1979), with its own conspecifics and other invertebrates 
being less abundant in areas where Nereis deposit feeds, because of predation, 
disturbance or exploitation competition for food resources (Jensen & André, 1993; 
Hiddink et al., 2002; Fidalgo e Costa et al., 2006). In situ experiments at a managed 
realignment site on the Blackwater estuary have demonstrated that where large Nereis 
were prevented from feeding at the sediment surface there was an increase in densities 
of juvenile Nereis and small Macoma balthica (Paramor & Hughes, 2005). 
Since Nereis is a rapid coloniser of intertidal sediments and can quickly establish high 
densities in new intertidal areas in managed realignment sites, a study is conducted at 
the recently created managed realignment at Wallasea Island (Crouch estuary) to 
investigate Nereis feeding behaviour, and biotic and physical interactions within these 
sediments. It is hypothesised that Nereis would be feeding differently in realignment 
sediments than at an adjacent natural marsh, and similar, earlier exclusion experiments 
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will be extended to investigate the effects that Nereis has on accreting sediments and 
recruitment of other invertebrates. The data collected from the dispersal and the feeding 
studies outlined in this thesis will then also offer insight as to how and when Nereis 
colonise the realignment sediments and how their feeding and biotubatory behaviour 
impact these habitats. 
 
1.2 OUTLINE OF THESIS 
Chapter 2 describes two field experiments concerned with dispersal. The first was a 12 
month in situ investigation in the Crouch Estuary to identify how Nereis disperses and 
colonises defaunated sediment, what stages undertake dispersal, whether by swimming 
or crawling and if there are any seasonal patterns associated with these behaviours. The 
second study was in the Thames Estuary and used funnel traps to identify how far 
individuals may disperse, whether dispersal is associated with lunar tidal cycles and 
whether there are inter population differences in dispersal stages. 
 
Chapter 3 addresses the hypothesis that Nereis is predominantly a deposit feeder in 
sewage-affected sites and a suspension feeder in presumed clean sites in SE England. 
Stable isotope analysis (δ 13C and δ 15N), and a recently developed statistical mixing 
model, was used to identify the seasonal dietary sources, and hence feeding methods of 
Nereis from presumed sewage impacted sites, and non-impacted in four estuaries 
(Crouch, Blackwater, Orwell and Deben). 
 
Chapter 4 addresses the hypothesis that Nereis will be supported by different dietary 
sources in a new saltmarsh habitat than in a mature saltmarsh. Stable isotope analyses 
were used to compare the diets, and hence feeding behaviour and consequent impacts on 
the environment, of Nereis inhabiting the recently formed sediments at the Wallasea 
Island managed realignment site (Crouch estuary), with those in an adjacent, mature 
saltmarsh. 
 
24 
 
Chapter 5 addresses the hypothesis that Nereis can deter the colonisation of the other 
invertebrates and have an impact on newly accreting sediment and developing 
saltmarsh. A field based manipulation experiment was undertaken to achieve the long-
term (12 month) exclusion of large Nereis from deposit feeding on the surface of the 
recharged sediments at the upper shore of the Wallasea Island managed realignment site 
where saltmarsh had not developed as intended.  
 
Chapter 6 is the general conclusion. 
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CHAPTER  2  The dispersal behaviour of the marine  
    polychaete Nereis diversicolor in south-east 
    England. 
 
Abstract 
Little is understood about the dispersal behaviour of Nereis, as colonisation studies have 
often been short term and only report adult members of a population. A 12-month in 
situ experiment was conducted on the Crouch estuary to discriminate different sizes, 
seasons and mechanisms  of dispersal (swimming or crawling) by measuring 
colonisation of cores of defaunated sediment inserted either flush with the mudflat 
surface (colonised by crawling and swimming), or raised 5cm above it (colonised by 
swimming only). Dispersal occurred throughout the year with a significant increase 
during late summer and a decline in autumn. Significantly fewer worms colonised the 
raised cores by swimming than colonised the flush cores by swimming and crawling. 
However, during the summer, the abundance of colonisers in the raised cores was about 
50% that of the flush cores indicating equal levels of dispersal by swimming and 
crawling. Colonisation via the water column was restricted to immature worms (< 61 
mm body length), while individuals of all sizes colonised the flush cores.  
Funnel traps were inserted within vegetated saltmarsh sediment (where no Nereis were 
present) and in the mud within creeks (where Nereis were present) on the outer Thames 
estuary to catch individuals from the water column. This was to identify the distances 
that Nereis disperse via the water column and if dispersal is correlated with spring and 
neap tide periods. More Nereis were caught during spring tide periods, but these 
numbers were not significantly higher than during neap tide periods. The number of 
Nereis caught was highest at the front of the Salicornia europaea agg zone at the top of 
the creek. Few were caught in the vegetated saltmarsh only 1.5 m away from the creek, 
indicating only short distance dispersal. The swimming Nereis at the Thames site were 
younger (mostly less than 5 weeks) than those at the Crouch site (at least 8 weeks old) 
indicating inter-population differences.  
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2.1 INTRODUCTION 
 In the estuaries of SE England Nereis is often found high in the intertidal zone, 
burrowed in the mudflats at the saltmarsh-mudflat interface, where through bioturbation 
and herbivory it can increase sediment erosion, reduce sediment elevation, restrict the 
successional development of saltmarshes and increase the internal erosion of 
saltmarshes by facilitating creek expansion (Paramor & Hughes, 2004, 2005 & 2007). 
Several aspects of the biology and ecology of Nereis are not fully understood including 
its dispersal behaviour (Abrantes et al., 1999).  
Unlike some other nereids, Nereis diversicolor does not produce epitokous 
heteronereids (a specialised reproductive pelagic morph) and does not possess a 
planktotrophic larval stage. Instead, it has been described as having a holobenthic life 
cycle where the fertilised lecithotrophic eggs and developing larvae are brooded for 10 
–14 days in the maternal burrow after which the female dies a few days later (Dales, 
1950; Bartels-Hardege & Zeeck, 1990; Marty & Retiére, 1999). A holobenthic lifecycle 
may restrict the dispersal potential of a species compared to those with a planktonic 
stage that can disperse widely (Palmer et al, 1996). However, direct or brooded larval 
development allows flexibility in the level of development of dispersal stages and the 
extent to which dispersal may occur. Species that are not committed to long term 
dispersal by having a planktotrophic (larval) stage can evolve specific dispersal 
behaviours. Generally they have short term dispersal, which reduces the mortality rate 
while out of the sediment, and increases the chance of finding a suitable habitat. For 
example the amphipod Corophium volutator, also common in the upper mudflats of 
European estuaries, has no larval stage and dispersal occurs by brief periods of 
swimming at the times of spring tides at night (Hughes 1988, Drolet and Barbeau 2009). 
Nereis populations may exhibit some genetic isolation concomitant with low levels of 
dispersal (Smith, 1958; Hateley et al., 1992, Breton et al., 2003), and in species with 
low dispersal, variability in reproductive mechanisms is often observed between 
different populations (Gudmundsson, 1985; Bolam, 2004).    
   
 Species lacking a pelagic larval dispersal stage can be rapid colonisers of sediments 
(Shull, 1997) and despite having an apparent low dispersal potential Nereis can rapidly 
colonise defaunated sediments (Hall & Frid, 1998; Lewis et al., 2003; Bolam et al, 
2004). Nereis may become established within new habitats rapidly; for example, the 
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newly created intertidal substrata within the managed realignment site at Wallasea 
Island, Essex, held a dense population after only a few weeks (RGH pers. obs.), and it 
was a dominant species in the nearby Tollesbury managed realignment site after only 2 
months (Garbutt et al, 2006). Studies that have concentrated on the whole infaunal  
assemblages generally use too large a sieve mesh size to retain larvae and juveniles 
(Santos & Simon, 1980), thus the life stages of all colonists cannot be identified with 
certainty. The dispersal of marine polychaetes with a holobenthic lifecycle has rarely 
been studied in sufficient detail to ascertain the precise dispersal mechanisms (Marty & 
Retíere, 1999). 
     The aims of this study were as follows: firstly to investigate the stage(s) involved in 
dispersal of Nereis (larvae, juveniles and/or adults), whether dispersal occurs by 
swimming and/or crawling, and the season(s) that dispersal occurs. These were 
achieved by assessing colonisation of defaunated sediment over one year in the Crouch 
Estuary. In addition to examine if dispersal in the water column is this influenced by 
tidal cycles, and the distances that dispersal occurs was examined by placing funnel 
traps in saltmarsh and creeks in the Thames estuary.  
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2.2 METHODS Experiment 1: Mechanism of dispersal 
 
2.2.1 Experimental site 
In situ experiments were conducted at Bridgemarsh Creek, on the north side of the 
Crouch Estuary (TQ 8770 9680), which is a coastal plain estuary with a spring tidal 
range of 4.9m (Worley & Simpson, 1998) (Figure 2.1) and an average salinity of 31.3 
‰ ± 2.1 SE. The site, described in detail by Bolam et al. (2004), is west of Bridgemarsh 
Island in an area sheltered from the effects of strong tidal currents, at the top of the 
mudflat. The sediments were >90% silt/clay with an organic content of 1.5-1.7 %. 
 
Figure 2.1 Location of Experiment 1 at Bridgemarsh Creek on the Crouch estuary, SE 
England (reproduced from Ordnance  Survey map data by permission of the Ordnance 
Survey and  Nicholls & Trimmer (2009)). .               
 
2.2.2 Experimental design and sampling 
The approach was to assess the colonisation of defaunated sediment by Nereis that 
dispersed by swimming only, and by both swimming and crawling. Six perspex cores, 
20cm in length and internal diameter 8cm, were completely filled with sediment 
collected from the site and then defaunated using a repeated freeze-thawing method 
(Bolam et al., 2004). In addition six cores 25cm in length were partially filled with 
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similarly defaunted sediment to within 5 cm from the top. The bottoms of all 12 cores 
were covered by 300 µm nylon mesh to prevent large deep-burrowed worms colonising 
sediment from beneath. Every 4 weeks twelve cores were inserted into holes of the 
same size in the sediment, with the tops of the six 20cm cores flush with the surface 
sediment (Flush treatment) and the tops of the 25cm cores 5cm above the surface 
(Raised treatment). In both treatments the defaunated sediment surfaces were level with 
that of the surrounding sediment (Figure 2.2). To allow drainage of water trapped within 
the raised cores, a pair of 1mm drainage holes were drilled on each side, just above the 
sediment surface and covered with 300 µm nylon mesh. The flush cores could be 
colonised by swimming and crawling individuals but the raised cores only by 
swimming individuals (Figure 2.2). After four weeks (a lunar month) the twelve cores 
were replaced with similar pre-prepared cores and six cores (8cm diameter, 20cm deep) 
were taken from the surrounding sediment to estimate natural abundances (Control 
treatment). The cores were arranged as a replicated (randomised) block design with 
three blocks stationed at least 10m apart to test within and between block variability 
(Figure 2.3). As repeated sampling of soft-sediments unavoidably causes some localised 
disturbance (Skilleter, 1996), a pair of non-sampled control plots were designated 
within each of the three blocks and these were sampled at the end of the experiment to 
assess the effect of repeated sampling of the Control plots. Thirteen four-weekly 
samples were collected to provide data on the seasonal variations in dispersal by Nereis.  
30 
 
 
Figure 2.2 Diagram of the experimental design (not to scale). F = treatment Flush 
and R = treatment Raised. 
 
 
Figure 2.3 Replicated (randomised) block design of the experiment, showing the 
  randomly assigned 1m
2 
plot types within blocks I – III (not to scale 
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2.2.3 Sample processing 
The sediment cores were sectioned horizontally, with the top 3cm and bottom 17cm 
separated and fixed in 10% formalin solution. The top 3cm sections were washed 
through 250μm and 125μm sieves, to retain larval and juvenile Nereis, and the 
remainder of the cores were sieved through a 500μm sieve, to retain the larger Nereis 
that burrow deeper. All individuals were picked out under a binocular microscope and 
stored in a preservative of 70% ethanol, 10% Glycerol and 20% water.  As Nereis is 
sometimes damaged during processing it is not possible to record total lengths for all 
specimens. Several partial length measurements can be used instead and these include: 
jaw length (Chambers & Milne, 1975; Olive & Garwood, 1981; Möller, 1985; Abrantes 
et al, 1999), width of the 1
st
, 3
rd
 or 10th chaetigerous segment (Kristensen, 1984; Davey 
& George, 1986; García-Arberas & Rallo, 2002); and the L3 length which is the total 
length of prostomium, peristomium and chaetiger 1 (Fidalgo e Costa, 2003; Gillet & 
Torresani, 2003; Durou et al, 2008). In this study, the partial length measurement L3 (to 
the nearest 0.1 mm) was used. When nereid worms are fixed in formalin the muscles 
achieve an equal state of contraction (Kristensen, 1984) and the recorded lengths of 
preserved animals are more consistent than those of living worms. For each complete 
specimen total body length (mm), total number of segments and the L3 length were 
recorded and for all incomplete individuals only the L3 (mm) was recorded. 
Measurements were made using an eyepiece micrometer in the binocular microscope. 
The predicted size of damaged specimens was calculated using the relationship between 
L3 and total length and number of segments. The biomass of worms was estimated by 
selecting 98 intact fixed specimens of various sizes and recording their blotted wet 
weight (mg) using a Metler Toledo balance (precision = 0.0001 mg). The relationship 
between length L3 (mm) and blotted wet weight was calculated and used to estimate the 
biomass of the incomplete and remaining intact worms. These values were converted 
into dry weight (mg) using the wet to dry conversion factor specific for Nereis of 0.181 
(Rumohr et al., 1987).  
 
2.2.4 Data analysis 
The differences in Nereis densities between treatments and time were analysed using 
repeated measures analysis of variance (RM-ANOVA), in which treatment and time 
were fixed factors and block was considered as a random factor. Prior to the analysis all 
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density data were checked for normality using the Anderson-Darling test and 
homogeneity of variances using the Bartlett test. Data not satisfying the assumptions of 
ANOVA were square root-transformed. For some months there were low densities of 
Nereis and zeros in the data set. To overcome this difficulty when using RM-ANOVA, 
a test to determine approximate significance of results was also done by conducting a 
randomization (permutation) test using the R Statistical Software package v2.7.0 (after 
Hall & Harding, 1997). Firstly R performs RM- ANOVA on the observed data set and 
stores the four resultant F values (treatment, time, block and treatment x time 
interaction). Secondly, the observations are then randomised to create a non-significant 
event, RM-ANOVA performed and the four F values stored. This randomisation was 
conducted 10,000 times storing all F values. The Ho can be rejected if the F value for the 
actual data set fell in the upper 95% of the distribution of 10,000 F values from the 
randomisation (a situation with no effects). In conducting the randomisation analyses, it 
ensures that there will be confidence when reporting a significant or non-significant 
treatment effect despite the naturally low population of Nereis at the site. A post-hoc 
ANOVA for each sampling date was also performed using the non-parametric Tukey 
multiple pairwise comparison test to identify significant differences (p ≤ 0.05) between 
treatments and controls. This test allows multiple testing without increasing the risk of 
Type 1 errors. Length L3 frequency histograms were constructed and length 
distributions were compared using the non-parametric Kolmogorov Smirnov (KS) test 
to test the probability that two distributions are the same (Dytham, 2002). Differences in 
estimated mean biomass values over time were analysed using the non-paramentric 
Mann-Whitney and Kruskall-Wallis tests. 
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2.3 METHODS Experiment 2: Patterns in water column dispersal 
 
2.3.1 Experimental site   
These experiments were conducted on the southern shore of Two Tree Island (NGR TQ 
824 852), on the north side of the Thames Estuary (Figure 2.14). Mean high water 
spring tide level (MHWS) and mean low water spring tide level (MLWS), are at 5.8 m 
and 0.5 m above chart datum respectively. The saltmarsh here is one of the best 
surviving in the Thames estuary (Essex Wildlife Trust, 2010). The site of the 
experiment was in and adjacent to a creek which extends from the top of the mudflat 
deep into the saltmarsh and approximately 8.5 m wide and 0.85 m deep at the location 
of the experiment (Figure 2.5). 
 
 
 
Figure 2.4 Location of Experiment 2 at Two Tree Island on the Thames estuary, SE 
England.  
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Figure 2.5 The location of the creek, and site of the experiment at Two Tree Island. 
  The photograph was taken during a flooding tide looking north east.  
 
2.3.2 Experimental design and sampling 
Experiment 1 at Bridgemarsh Creek (Crouch estuary) had identified the summer as the 
period of peak dispersal, particularly small Nereis dispersing via the water column. The 
samples at Bridgemarsh were taken every four weeks thus missing any possible shorter 
time scale patterns of water column dispersal that may have been affected by tidal 
cycles. The study at Bridgemarsh also did not address the distances Nereis may disperse 
in the water column.  The saltmarsh at Two Tree Island provided a convenient site for 
an investigation of dispersal distances as worms do not inhabit vegetated sediment and 
any decline in capture rates of dispersing Nereis with distance across the saltmarsh from 
the infaunal population in the creek would give an indication of the time and distance of 
dispersal. Dispersal across the creek and adjacent saltmarsh was assessed by use of 
simple funnel traps to capture Nereis from the water column. The samples were 
collected weekly in the summer to also assess any variations in neap and spring tidal 
cycles. Each trap consisted of a glass jar (9 cm high and 10cm internal diameter) and a 
plastic funnel (12 cm high, 12cm internal diameter) with its neck removed to leave a 
circular hole (internal diameter 2.1 cm). The funnel was attached to the jar with 
waterproof tape, and two wires with one end of each wire inserted into the sediment and 
the other hooked over the funnel to help hold it in place (Figure 2.6). Each trap was 
placed in a hole in the sediment so the funnel lip was approximately 5 cm above it (as 
were the raised cores in experiment 1 at Bridgemarsh Creek). 
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Figure 2.6 Schematic diagram of a funnel trap (not to scale) 
 
Six stations were established, the elevations (relative to Chart Datum) of which were 
determined by standard levelling methods using a level and pole. Table 2.1 gives a brief 
description of each station. Two stations were located on the muddy substrata in the 
creek (Station Mud 1 and Mud 2; Figure 2.7 (a)). Two stations were established at the 
same elevation on a small plateau of Salicornia europaea agg. with one on the seaward 
edge of the Salicornia zone (Salicornia Front), and one set back approximately 1.5m 
into the saltmarsh (Salicornia Back, Figure 2.7 (b)).  The two highest stations, Spartina 
and Atriplex, were 8 and 28 metres away from the creek in vegetation dominated 
respectively by Spartina anglica and Atriplex portulacoides.   
At each station  cores of sediment were removed in order to insert five replicate traps in 
a row, at least 1 m away from one another. The traps were first inserted on the 19th June 
2008 and samples were taken every 7 days (+/- 1 day) until the 14th August 2008 (8 
weekly sampling occasions). On each occasion, the contents of each jar were emptied 
into a pot and the trap carefully re-inserted without disturbing the sediment. If necessary 
the funnels were re-fastened to the jars with waterproof tape and any attached barnacles 
and algae were scraped off. The time that each trap was immersed by each tide was 
estimated from predicted tide heights (Tideplotter, Bellfield Ltd) and total time of 
immersion for each period calculated to standardise the catches. 
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Table 2.1 Summary table describing the six stations at Two Tree Island (Thames 
Estuary). 
 
 
 
 
 
 
 
 
Figure 2.7 Photographs of Stations: M2 (a) & Salicornia Back (b) at Two Tree 
Island. 
 
2.3.3 Sample processing 
Within a few hours each sample was sieved through 250 µm and 125 µm sieves, and the 
organisms retained were fixed in 4% buffered formalin solution and stained with Rose 
Bengal. The samples were washed to remove the formalin and preserved in 70% IMS. 
Each sample was examined by use of a binocular microscope for identification of 
Station Height 
above 
c.d (m) 
Distance 
from the 
creek (m) 
Description  
Mud 1 4.26 0 Half way down main creek channel 
Mud 2 4.49 0 Near top of main creek channel  
Salicornia 
Front 
4.85 0 Front of S. europaea agg. zone at 
mudflat interface  
Salicornia 
Back 
4.85 1.5 Back of S. europaea agg. zone   
Spartina 5.16 8 S. anglica dominated zone  
Atriplex  5.25 28 A. portulacoides dominated zone  
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Nereis, and for the removal of the smallest larvae a fine brush was required. For all 
worms: the L3 length (mm) was measured, and for all intact specimens; the total body 
length (mm) and number of chaetigerous segments were recorded (as described in 
section 2.2.3) 
 
2.3.4 Data analyses 
The mean numbers of worms (± SE, n =5) caught in the funnel traps weekly from each 
station was calculated. The numbers were then standardised by calculating the numbers 
of worms caught per hour of tidal immersion each week and for the pooled spring and 
neap tide periods. All abundance data was tested for normality (Anderson-Darling test) 
and equality of variances, and if satisfying the assumptions was analysed using 1- way 
ANOVA. A post-hoc ANOVA (Fisher‟s LSD) was performed on the abundance data 
from the pooled eight sampling weeks to reveal which stations differed significantly to 
each other. 
 
2.4 METHODS Experiment 3  Method comparisons 
 
Different methods were employed to investigate dispersal by Nereis at the two sites, 
colonisation of cores of defaunted sediment at Bridgemarsh Creek (Crouch Estuary) and 
funnel traps at Two Tree Island (Thames Estuary). The results were different in that 
smaller Nereis were caught at Two Tree Island and this may reflect either differences in 
the populations or the methods used. Funnel traps were, therefore, inserted for seven 
days from 20
th
 July 2009 during a spring tide period at Bridgemarsh Creek. The 18 traps 
were inserted on the mudflat by the site of each of the three experimental blocks, with 
six traps arranged by each block in a row at least 1 m apart. Seventeen of the 18 traps 
were recovered, as one trap had became dislodged at Block I. At Two Tree Island cores 
filled with defaunated sediment (5 x Flush and 5 x Raised) were inserted at the Mud 2 
station and left for four weeks. However, significant scouring had occurred around these 
cores and the flush cores were no longer flush with the creek surface and there was 
water trapped in the raised cores. Consequently the results from the defaunated cores 
were not used.   
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2. 5 RESULTS  Experiment 1: Mechanisms of dispersal 
 
2.5.1 Densities of colonisers 
 
The seasonal variations in densities of Nereis in all three treatments are shown in Figure 
2.8. The highest natural densities occurred from August to December and the lowest 
were in March and April. Colonisation of the flush and raised cores occurred throughout 
the year, except in February when no Nereis were found in the raised cores. The 
densities of individuals in both the flush and raised treatments increased during the 
summer, but declined in the autumn to low densities in the winter. The densities of 
Nereis in the flush cores were significantly lower than the natural (control) densities 
only in November and December. The densities of Nereis in the raised cores were 
significantly lower than the natural densities from September to February.  
     
Table 2.2 summarises the results of the randomisation test for analysis of all three 
treatments (Test I), and of the analysis between only the flush and raised (Test II). In 
Test I there was a significant treatment, time, block and treatment x time interaction, in 
Test II there was only a significant interaction for treatment and time. The 
randomisation has given confidence in interpreting the results of the RM-ANOVA when 
stating if a factor has a significant effect. RM-ANOVA revealed that the mean densities 
were significantly different between treatments, over time, and a significant treatment x 
time interaction (Table 2.3(a)). This interaction term indicates that the relationship over 
time was not consistent between treatments. The results of the Tukey multiple 
comparison test (Figure 2.8) indicates that this significant interaction term is because of 
the seasonal variations in densities of colonists due to the decline in the autumn and 
winter. RM-ANOVA analysis excluding the control data and only analysing the two 
treatment data sets, flush and raised, showed that there was no significant treatment x 
time interaction (Table 2.3 (b). This indicates that the differences in densities between 
the treatments (flush and raised) are consistent over time. There was a significant block 
effect (p = <0.05), but only when the control data were included in the analysis (Table 
2.3(a)). Therefore, the block effect does not affect any differences relating to 
colonisation. Furthermore, there was no significant effect of repeatedly sampling the 
control plots over time as there were no significant differences in mean densities in the 
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control and the non-sampled control plots, (1-way ANOVA F= 0.00,  p = 1.000) at the 
end of the experiment. 
 
 
 
 
Figure 2.8 Mean densities (mean per core +SE, n=6) of Nereis for each treatment. ɸ 
indicates significant lower densities (p < 0.05) in the Raised to the Flush, and * 
indicates differences in the Flush or Raised densities from control values using 
transformed data (see text) and Tukey‟s multiple comparison test.  
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Table 2.2 Results from two randomisation tests (I & II) of Nereis over time using RM- 
ANOVA. The p-values represents the probability that the 95 percentile of the 
distribution of F values after randomisation (10,000 x) is greater than the F statistic for 
the observed data set for treatment, time, block and treatment x time effects.* = (p < 
0.05) 
 
Randomization 
Test 
Treatments analysed p value 
Treatment Time Block TreatmentxTime 
      
I Control.Flush.Raised < 0.0001* < 0.0001* 0.0133* 0.0021* 
II Flush.Raised < 0.0001* < 0.0001* 0.3407 0.0870 
      
 
Table 2.3 Two RM-ANOVA analyses (a & b) for densities of mean SQRT transformed 
Nereis densities in the Control, Flush and Raised cores over time.  DF are the degrees of 
freedom, SS the sum of squares, MS the mean square, F is the test statistic and p its 
associated probability value. * = (p<0.05) 
  DF SS (adj) MS (adj) F p 
       
a) Control, Flush & Raised      
 Treatment 2 11035.23 5517.61 33.38 < 0.0001* 
 Block 2 900.63 450.31 2.72   0.007 * 
 Time 12 10916.32 909.63 10.36 < 0.0001 * 
 TreatmentxTime 24 5104.01 212.67 2.42 < 0.0001 * 
       
b) Flush, Raised      
 Treatment 1 5230.20 5230.20 41.5 < 0.0001 * 
 Block 1 275.14 137.57 1.09 0.177 
 Time 12 8877.61 739.57 9.54 < 0.0001 * 
 TreatmentxTime 12 1454.56 121.21 1.56  0.1160 
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2.5.2 Biometric analyses  
Results of the regression analyses of L3 and total length, number of segments and wet 
weight are summarised in Table 2.4. 
 
Table 2.4. The values of terms from the relationship between L3 (mm) and the total 
body length (mm), total number of chaetigerous segments and wet weight (mg) for 
Nereis after logarithm transformation. a is the intercept and b the slope 
Predictor Response N a b ± S.E R
2 
 
       
L3 Total length 512 1.290 1.543 ± 0.028 85.3  
 No. segments 512 1.721 0.809 ± 0.018 81.1  
 Wet weight 98 1.156 4.205 ± 0.130 91.6  
 
 
2.5.3 The size of colonisers       
  
Figure 2.9 shows the L3 length frequency distributions for Nereis in each of the three 
treatments throughout the year. In the natural population the worms varied in L3 length, 
from the largest at 3.30 mm (body length 123 mm), to the smallest size (L3< 0.50 mm) 
which was the most abundant size class in most months, indicating recruitment 
throughout the year.  Consequently no distinct length cohorts could be identified. The 
worms found in the flush cores were of a similar size range to those in the control 
population, but those from the raised cores were smaller with L3 lengths no longer than 
2.10 mm (body length 61 mm), indicating that larger worms do not disperse by 
swimming. KS analysis of the L3 data for the samples of 4
th
 August and 31
st
 August, the 
dates of highest dispersal, identified a significant difference between the control and 
flush treatments (KS, D = 0.26, p = 0.011), where a greater proportion of the worms in 
the flush cores were larger than in the natural population. There were also significant 
differences between the raised treatment and both the control (KS, D = 0.36, p = 0.006) 
and flush (KS, D = 0.39, p = 0.001) treatments, in both cases because of the absence of 
large worms in the raised cores.        
42 
 
The relative abundance of the worms of different sizes in the raised cores, expressed as 
a % of those in the flush cores, is shown in Figure 2.10 with 100% indicating no 
differences between them. In all seasons there was a lower colonisation of the raised 
cores, relative to the flush ones with larger worms. In the summer (July and August) 
peak dispersal period the relative abundance of the smallest two size groups of Nereis  
in the raised cores was 60 and 80% that of the flush cores,  indicating that the smallest 
worms mostly colonised the flush cores via the water column and not by crawling 
across the sediment surface. Conversely in the autumn and winter most of the small 
worms colonised the flush cores by crawling across the sediment.   
In some previous studies (see Discussion) the sizes of the smallest worms have been 
expressed as the number of segments and this practise is continued here, including those 
counted directly (72 %) and those estimated from the L3 measurement. No individuals 
with fewer than 6 segments were observed during the Bridgemarsh Island study, and 
only a few individuals with 6-10 segments were found in the control and flush samples 
(Figure 2.11). Those worms colonising from the water column (raised cores) had 
between 11 and 81 segments, with most having 21-40. In the control and flush 
treatments, worms up to 150 segments were found. 
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Figure 2.9 Seasonal variations in the L3 (mm) frequency of Nereis collected from the 
treatments Control, Flush & Raised. All frequencies (y-axis) are displayed up to 25, 
with each increment representing 5 individuals 
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Figure 2.10 Seasonal differences in the proportions (%) of Nereis in the Raised cores 
relative to those in the Flush cores for each L3 size class. Spring is March – June; 
summer is July –August; autumn is September – November; winter is December -
February. 
 
Figure 2.11 Frequency histograms of the number of chaetigerous segments of Nereis 
in the  Control, Flush and Raised treatments (data pooled across all 13 sampling dates).  
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2.5.4 Biomass 
There was no significant seasonal variation in the biomass of Nereis colonising via the 
water column (Kruskall-Wallis: H= 11.48, p = 0.40). The biomass of Nereis in the 
raised cores was always low compared to the natural population (Figure 2.12) because 
of colonisation by small worms at low densities. The biomass of worms in the flush 
cores showed a significant temporal change (Kruskall-Wallis: H= 33.19, p = 0.001), 
being high in the summer and low in winter. The biomass was higher in the flush cores 
than the natural population in August and September, because of a higher density of 
large worms (Figure 2.9), but lower from November to February because of both lower 
densities and a higher proportion of small worms. 
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Figure 2.12 Temporal variation of the mean biomass (±, SE) of Nereis (histogram) and mean  densities (line) (full data shown in Figure 2.4) 
overlain for comparison. 
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2.5.5 Variations in size of Nereis with depth in the sediment 
No  worms with fewer than six chaetigers were found during Experiment 1 possibly 
because  only the top sections of the cores (0–3 cm) were sieved and any small worms 
present deeper down may have been missed. In July 2009 six cores 17cm deep were 
taken near Block I in Bridgemarsh Creek and sieved (mesh size = 125 µm) to assess any 
variation in size distribution of Nereis with depth, In the upper sediments, most Nereis 
had 41 - 61 chaetigerous segments and no worms with fewer than 11 were found at any 
depth (Figure 2.13).  
 
 
Figure 2.13 Sizes (number of chaetigerous segments) of Nereis from 0-3cm, 3-10cm 
and 10-17cm depth (pooled from 5 core samples) taken at Bridgemarsh Creek, in July 
2009. 
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2.6 RESULTS Experiment 2: Patterns in water column dispersal 
 
2.6.1 Numbers of dispersers   
Figure 2.14 shows the mean (n=5) numbers of Nereis caught at each station and the 
total hours of immersion, for each of the eight week periods. The greatest overall 
abundances were at Mud 1, Mud 2 and Salicornia Front. The numbers were related to 
elevation with the lowest abundances at the higher stations within the saltmarsh 
vegetation. Table 2.5 lists the total hours of immersion for each station in each period.  
The first, third, fifth and seventh weeks, encompassed spring tides. During week four 
the lowest neap tides occurred and the Spartina and Atriplex stations were not immersed 
and the two sets of Salicornia traps were immersed for only 36 minutes during this 
week. There was a temporal variation in the numbers of Nereis caught in the traps and 
the total hours of tidal immersion. 
Table 2.5 Sampling schedule and variation in total hours of tidal immersion for each 
station (Sal = Salicornia). Shaded rows indicate period in which spring tides occurred at 
Two Tree Island. 
  Stations & height above chart datum (m) 
  Mud 1 Mud 2 Sal Front Sal Back Spartina Atriplex  
 4.26 m 4.49 m 4.85 m 4.85 m 5.16 m 5.25 m 
Week Sample date Total Hours Immersed 
1 27
th
 June 55.82 47.18 30.37 30.37 8.63 3.37 
2 4
th
 July 46.98 39.82 26.22 26.22 13.40 9.45 
3 11
th
 July 51.45 44.33 31.60 31.60 21.13 19.22 
4 17
th
 July  18.90 4.93 0.60 0.60 0.00 0.00 
5 24
th
 July 51.20 44.48 32.00 32.00 18.72 15.30 
6 31
st
 July 43.25 35.07 16.43 16.43 4.88 3.35 
7 7
th
 August   55.33 50.95 40.68 40.68 31.28 27.42 
8 14
th
 August  20.38 11.20 6.32 6.32 1.37 0.83 
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Figure 2.14 Mean abundance (mean number per trap + SE, n=5) of Nereis recorded 
weekly (bar) at each of the six stations, plotted against total hours immersed (dashed 
line) for each sampling period.  
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Throughout there were significantly greater numbers of Nereis caught at Salicornia 
Front than Salicornia Back (ANOVA, F= 22.29, p = < 0.0001), (Figure 2.15) even 
though they are at the same tidal level.  There was a significant change in numbers 
caught with time for these two stations (ANOVA, F = 10.37, p =< 0.0001), but 
differences in numbers of dispersers between the two stations remained , as there was 
no significant interaction term between mean abundances and sampling date (ANOVA, 
F =  1.51, p = 0.181).  
 
 
Figure 2.15 Temporal variation in mean abundance of Nereis (mean per trap ± SE, n=5) 
at Salicornia Front and Salicornia Back stations. 
 
 
The relationship between total hours of immersion and mean abundance for each station 
is presented in Figure 2.16. There was a positive correlation between the mean number 
of Nereis caught and the time that each trap was immersed, and for only Salicornia 
Front (Pearson = 0.72, p = 0.044, n = 8) and Spartina (Pearson = 0.800, p = 0.018, n = 
8) was this relationship significant. When all stations were plotted against total hours of 
immersion, there was a significant relationship between these two factors (Figure 2.17, 
Pearson = 0.73 p = < 0.001, n = 48).   
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 Figure 2.16 The relationship between total hours immersed and mean abundance of 
Nereis recorded for each of the eight sampling periods, for each station (* denotes a 
significant correlation, p = < 0.05)  (x- and y- axes are the same scale for consistency 
between stations). 
 
* 
* 
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Figure 2.17 The relationship between total hours immersed and mean abundance of 
Nereis recorded for all stations for each of the eight sampling periods, n = 48 (* denotes 
a significant correlation, p = < 0.05) . 
 
To standardise the numbers caught with immersion time the mean numbers of worms 
caught per hour of immersion were calculated for each station (Figure 2.18).  The 
largest number was at Salicornia Front in week 4, but there was a large variation 
reported for this week (0.67 ± 0.67 S.E), and this was due to only one of the five traps 
having caught two individuals of Nereis  during this neap tide period. There was no 
obvious pattern in the first four weeks of the experiment with relation to spring/neap 
tidal cycles. However, for the remaining four weeks the data indicate a pattern of higher 
dispersal rates during a spring tide period, and lower rates during a neap. 
 
* 
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Figure 2.18 The mean numbers of Nereis (mean per trap ± SE, n=5) caught per hour of 
tidal immersion for each of the stations. S = spring tide period and N = neap tide period.  
 
Figure 2.19 shows the numbers of worms caught per hour of immersion at each station, 
with the weekly trap data pooled for spring or neap tide periods. A higher number of 
captures occurred at the two lower stations, Mud1 and Mud 2 and for the front of the 
Salicornia zone, than at the back of the Salicornia zone and the Spartina and Atriplex 
stations. There was a significant difference in numbers between the stations (ANOVA 
F= 5.47, p = < 0.001), but no significant difference between spring and neap tide 
periods (ANOVA, F = 0.38, p = 0.538). The data for the eight sampling periods were 
pooled and the results of a post-hoc ANOVA test (Fisher‟s LSD), are shown in Table 
2.6. The Fisher‟s LSD test revealed which of the six stations are significantly different 
to each other. There was a significantly higher rate of dispersal occurring above the 
muddy substrata (Mud1 Mud 2) and  Salicornia front than the three more densely 
vegetated stations (Salicornia back, Spartina and Atriplex). 
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Figure 2.19 The mean numbers of Nereis (mean per trap ± SE) caught per hour of tidal 
immersion for each of the stations, plotted with height above chart datum for each 
station. The Spring tide data are pooled from weeks 1, 3, 5 and 7, and the Neap tide data 
pooled from weeks 2, 4, 6 and 8. SalF = Salicornia Front, SalB = Salicornia Back, Spar 
= Spartina and Atri = Atriplex stations. 
 
Table 2.6 Results from the non-parametric Fisher‟s LSD pair-wise test for the mean 
numbers of dispersers (no.hr
-1
 of tidal immersion) for the six sampling stations, with 
data pooled from all eight sampling weeks. The stations are arranged in ascending order 
of means, and the lines between stations indicates a non-significant difference (p = > 
0.05). Atri = Atriplex, Spart = Spartina, SalB = Salicornia Back, SalF = Salicornia 
Front. 
STATIONS: n Atri Spart SalB Mud1 Mud2 SalF 
Mean dispersal (no.hr
-1
) 40 0.009 0.012 0.023 0.135 0.177 0.206 
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Core samples were not taken to assess densities of Nereis from the sediments of the six 
stations during this experiment. However, an earlier (October 2006) vertical transect at 
Two Tree Island showed Nereis to have their highest densities in the mud adjacent to 
the saltmarsh  (Figure 2.20). Within the S. europaea agg. area Nereis densities were 
low, and in dense vegetation Nereis are never found (Paramor & Hughes, 2005). 
Comparing the densities from Figure 2.20 against the tidal heights for the stations Mud 
1 (4.26 m above c.d.) and Mud 2 (4.49 m above c.d.) it can be expected that there would 
have been high densities of Nereis within the sediments at those sites. For Figure 2.20 
there was a peak in mean densities at 4.75 m tidal elevation, at the top of the mudflat.  
 
 
Figure 2.20 Mean densities (mean per core ± SE, n = 5) of Nereis with elevation 
(height above chart datum) at Two Tree Island, (October 2006). 
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2.6.2 Sizes of dispersing Nereis  
A total of 617 worms were caught. Figure 2.21 shows the L3 frequencies of all worms, 
caught at each station pooled for all sampling dates. Total body lengths for damaged 
worms were predicted from L3 using Equation 1, as there was a significant relationship 
between these two measurements for intact specimens (F= 5940, p = < 0.0001, R
2
 = 
91.2 %, n = 561 worms). No worms with L3 lengths longer than 1.30 mm (total body 
length = 24.84 mm) were caught and almost all had L3 lengths less than 0.50 mm (total 
body length = 4.71 mm).  
 
Equation 1: Log TL (mm) = 1.197 + (1.739 * Log 10 L3 (mm)) 
 
 
The relationship between lengths L3 (mm) and number of chaetigerous segments 
(Equation 2, F= 5420, p = < 0.0001, R
2
 = 90.6 %, n = 561 worms) was used to predict 
the number of segments for the damaged specimens No worms with more than 80 
chaetigerous segments were caught and most had fewer , than five (Figure 2.22).  
 
Equation 2: Log10 Number of segments = 1.811 + (1.440 * Log10 L3 (mm)) 
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Figure 2.21 Length L3 (mm) frequencies for Nereis from the six stations (frequencies 
pooled from the eight samples). 
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Figure 2.22 Numbers of chaetigerous segments for Nereis, from the six stations 
(frequencies pooled from the eight samples). 
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Dales (1950), found a good linear correlation between the total length and number of 
chaetigerous segments for larvae up to the age of about 10 weeks (20 chaetigerous 
segments). The relationship between total body length (mm) and number of 
chaetigerous segments (Equation 3) for larvae collected during week 7gave an R
2
 value 
of 95.4 % (n = 150) (Figure 2.23). Most of the larvae had fewer than five segments, and 
were less than 0.60 mm long, which equates to an age of less than five weeks according 
to Dales (1950).  
 
Equation 3: Total Length (mm) = - 0.123 + (0.137 * Number of chaetigerous 
segments). 
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Figure 2.23 Relationship between total body length (mm) and number of 
chaetigerous segments for all intact Nereis larvae with 3 - 20 chaetigerous segments (n= 
150), caught in the traps during the week prior to 7
th
 August, 2008. 
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2.6.3 Variations in the size of Nereis with depth in the sediment 
In July 2009 six replicate cores (internal diameter 8 cm) were taken to a depth of 17cm 
at the Mud 2 station, to identify any variation in size distribution of Nereis with 
sediment depth. Within the surface sediments (0-3cm) there were no worms with fewer 
than 11 chaetigerous segments. The smallest worms were present below 3cm deep 
(Figure 2.24). 
 
 
 
Figure 2.24 The size frequency (number of chaetigerous segments) of Nereis from 
three depths: 0-3cm, 3-10cm and 10-17cm (from 5 cores in July 2009).  
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2.6.4 Other species caught at Two Tree Island 
Prior to the start of the observations at Two Tree Island, a one week trial was conducted 
at the station Mud 1 to check for the presence of Nereis in the water column. The other 
taxa collected are listed in Table 2.7.  
 
Table 2.7 List of taxa collected from five traps at station Mud 1 13
th
 - 19
th
 June 2008, 
with mean abundances per trap and their developmental stage where identified. 
  Developmental 
stage 
Mean abundance 
(± S.E) 
    
POLYCHAETA Nereis diversicolor neochaete 1.12 ± 0.35 
  juvenile 4.25 ± 0.94 
 Eteone longa juvenile 0.12 ± 0.13 
  adult 0.12 ± 0.13 
 Manayunkia aestuarina adult 4.63 ± 2.21 
 Capitellidae adult 4.13 ± 1.47 
 Spionidae neochaete 0.25 ± 0.25 
  juvenile 0.12 ± 0.13 
 Oligochaeta  3.13 ± 1.25 
    
CRUSTACEA Carcinus maenas megalopa larva 0.62 ± 0.26 
  juvenile  0.87 ± 0.64 
 Cirripedia naupili larva 0.62 ± 0.50 
 Harpacticoid copepod  21.00 ± 2.89 
 Calanoid copepod  1.63 ± 1.08 
 Cumacea  0.87 ± 0.35 
 Ostracoda  28.50 ± 4.24 
    
MOLLUSCA Hydrobia ulva  0.25 ± 1.6 
 Littorinidae  egg case 0.12 ± 0.13 
    
OTHER Nematoda  67.13 ± 4.64 
 Foraminifera  16.88 ± 3.88 
    
INSECTA Coleoptera  0.12 ± 0.13 
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2.7 RESULTS Experiment 3: Comparison of methods 
 
Figure 2.25 shows the L3 length measurements and Figure 2.26 the numbers of 
chaetigerous segments for all of the worms collected in the 17 funnel traps. No worms 
with L3 greater than 2.1 mm were collected, with most belonging to the 0.51 - 0.90 mm 
L3 group. This corresponds well with the sizes of Nereis in the raised core data in 
Experiment 1, as these worms also all had L3 less than 2.1 mm with most being 
between 0.11 and 0.90 mm L3 lengths. 
 
 
 
Figure 2.25 L3 frequency of Nereis collected from 17 funnel traps at Bridgemarsh 
Creek,  between 20
th
 and 28
th
 July 2009. 
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For the damaged individuals whose segments could not be counted, the following 
regression equation was used to predict the number of segments using the length L3 
(mm) (F =352, p = < 0.001, R-sq (adj) = 93.8 %, n = 24 worms). 
 
Equation 4: Log10 Number of chaetigerous segments = 1.82 + (1.45 × Log10 L3). 
 
All worms except one had fewer than 80 chaetigerous segments. Most worms had 21 - 
61 segments and this compares to those in the raised cores in Experiment 1, where most 
had between 21 and 41. No worms in the raised cores had fewer than 11 segments, but 
some with fewer than six were found in the funnel traps, thus highlighting possible 
differences between funnel traps and raised cores as a method for recording water 
column dispersal by Nereis. 
 
 
Fig 2.26 Size frequency number of chaetigerous segments of Nereis from 17 funnel 
traps at Bridgemarsh Creek, Crouch estuary between 20
th
 and 28
th
 July 2009. 
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2.8 DISCUSSION 
Colonisation of hard substrata by marine invertebrates is usually by larvae, but soft-
sediments have different and often independent sources of colonists (Whitlatch et al, 
1998). Experiment 1 at Bridgemarsh Creek confirmed the importance of all life stages 
of Nereis in dispersing and colonising sediments. Dispersal by young worms throughout 
the year was a reflection of the continuous (but not uniform) recruitment. Females were 
not examined for the presence of oocytes, but the occurrence of young chaetigerous 
larvae throughout the year indicates extended or multiple spawning periods (Möller, 
1985). Continuous or multiple spawning events have also been reported for southern 
European populations (Abrantes et al, 1999; García-Arberas & Rallo, 2002; Fidalgo e 
Costa, 2003).    
 
2.8.1 Seasonal patterns in dispersal 
Hall & Frid (1998) reported Nereis to colonise defaunated sediment within several 
weeks irrespective of season. In Experiment 1 the colonisation of the flush cores was 
sustained during most of the year with densities significantly lower than control cores 
only during November and December. Relatively high dispersal activity in the summer 
may result partly from high natural densities, but the decline in the numbers recovered 
from the flush and raised treatments in the autumn was despite continued high natural 
densities and indicates this decline was caused by a seasonal variation in behaviour 
rather than a reduction in density dependent dispersal. The decline in the colonisation of 
the flush cores in autumn and winter was by larger worms (Figure 2.9). Larger Nereis 
may disperse less in the autumn and winter (Figure 2.8) to remain deeper in their 
galleries when the risk of predation from birds is greater. Nereis are often found in 
greatest abundance in the upper intertidal zone (Figure 2.20), and while this reduces 
their exposure to predation by fish and crabs (Davey & George, 1986) they are emersed 
and vulnerable to predation by wading birds for most of each tidal cycle. In SE England 
bird predation is particularly high in the autumn and winter when densities of wading 
birds are high because resident birds are joined by migrants from northern nesting sites 
that overwinter here or are on passage to wintering grounds further south. The decline in 
natural mean densities from over 1500 m
-2 
in September to less than 400 m
-2 
by March 
(Figure 2.8) indicates a winter mortality rate of Nereis of about 75 %. The reduction in 
dispersal by larger worms in the autumn and winter (Figure 2.9) may also be related to 
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the increase in oocyte development in females, which occurs at this time of the year 
(Dales, 1950; Fidalgo e Costa, 2003) and when their ability to regenerate during 
maturation is reduced (Lawrence & Soame, 2004). By January the densities of Nereis in 
the control and flush treatments were similar again because of dispersal into the latter by 
small worms (Figure 2.9).   
 
2.8.2 Water column dispersal 
In summer, when dispersal activity was at its highest, the overall ratio of Nereis 
densities in the raised to flush treatments was approximately 1:2. This indicates that 
colonisation of the flush cores, and therefore probably of the natural sediments too, was 
by an equal number of swimming and crawling Nereis. Water column dispersal into the 
raised cores was only by larvae and juveniles (defined by Dales, 1950 as 3 - 19 and 
more than  19 segments respectively), and in Experiment 2 no adults were found in the 
funnel traps. Some of the water column dispersal at Experiment 1 may have been 
passive, by larvae and juveniles being washed into the water column by waves, but this 
is considered of little importance in this wave-sheltered site.  The site of Experiment 2 
was more exposed and here Nereis larvae may have been swept up from the surface 
sediments. Dales (1950) reported the minimum length of mature females to be 70 mm, 
but no worms longer than 61 mm (L3 lengths greater than 2.1mm) colonised the raised 
cores in Experiment 1, and no worms longer than 25 mm (L3 lengths greater than 1.30 
mm) in the traps in Experiment 2. Therefore, no swimming by mature Nereis was 
identified in either experiment. Nereis can be stimulated to swim, but they are not 
efficient swimmers (Gray, 1939). Adults have been observed swimming just above the 
sediment surface with their body clear of the substratum but their head remaining in 
contact with it (Hesselberg & Vincent, 2006). No worms with fewer than 11 
chaetigerous segments were recorded in the raised cores at Bridgemarsh Creek, but in 
contrast most worms caught in the traps at Two Tree Island had fewer than six segments 
(Figure 2.22). In Experiment 3 only four individuals with fewer than six segments were 
caught at Bridgemarsh Creek in the funnel traps, with most being juvenile worms 
having between 21 and 61 segments Figure 2.26), a similar result to the population 
sampled from the raised cores (Figure 2.11). There is, therefore, a population difference 
with smaller larvae dispersing at Two Tree Island than at Bridgemarsh Creek. Dales 
(1950) reported larvae became more active when seven weeks old (nine segments). 
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However, larvae with three chaetigerous segments have been observed in the upper 5cm 
of the sediment (Möller, 1985), and have been reported from plankton samples (Dales, 
1950). Nereis trochophore larvae are weak swimmers and 3-chaetiger neochaete larvae 
can crawl, however, they are able to swim when they have four or five segments by 
folding back their chaetae and using their ciliated bands for propulsion (Dales, 1950; 
Smith, 1964).  
 
2.8.3 Emergence from burrows 
In Experiment 1 no larvae with fewer than six segments colonised the defaunated 
sediments. Nereis emergence may occur at the six chaetiger stage, when they are five to 
six weeks old (Dales, 1950), as larvae at this stage were recorded in the surface 
sediments of the flush treatments during the summer. These results are consistent with 
laboratory observations of emergence from the maternal burrow at this stage, coinciding 
with the fusion of the first segment to the peristomium, which forms the dorso-
posterious tentacular cirri (sensory organs) (Bartels-Hardege & Zeeck, 1990; Marty & 
Retíere, 1999). However, the results are contrary to the data from Experiment 2 where 
three chaetiger larvae were observed in the traps. The cores at Bridgemarsh were left in 
situ for four weeks, and during this time any newly settled larvae may have grown; in 
young worms the rate of segment proliferation may be one segment per week (Dales, 
1950; Durou et al., 2007). At Bridgemarsh Creek Experiment 1 indicated that the 
smallest chaetigerous larvae remain deep (> 3cm) within the sediment, protected in the 
parental gallery prior to dispersing at the six chaetiger stage, after which they construct 
burrows from the surface downwards (Bartels-Hardege & Zeeck, 1990; Davey, 1994). 
However, the sieved sections from different core depths taken from the site did not 
contain any larvae with fewer than 11 segments (Figure 2.13), whereas at Two-Tree 
Island Nereis of this size were present at 3-17 cm and absent from the surface sediments 
(Figure 2.24).  
 
2.8.4 Population differences in dispersal behaviour 
There was a difference in the size and age (deduced from the number of chaetigerous 
segments after Dales (1950)) of the youngest worms dispersing in the water column 
between Bridgemarsh Creek and Two Tree Island. Most larvae in the water column at 
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Two Tree island had fewer than six chaetigers (less than five weeks old), but at 
Bridgemarsh Creek in the raised cores the smallest worms had 11 chaetigers (at least 8 
weeks old), but most were juveniles with 21 -40 chaetigers (minimum age 10 weeks). A 
possible explanation for this difference is that  Nereis sampled from the raised cores 
were active colonists, whereas the younger worms sampled at Two Tree Island were 
dispersing passively when caught in the funnel traps. Individuals with between six and 
ten segments were found in the surface of the control and flush cores at Bridgemarsh, 
but the frequency of individuals with 11- 21 segments was greater (Figure 2.11). 
Therefore, Nereis may be entering the water column as 3-chaetiger larvae, but do not 
construct their own burrows until at least the 11 chaetiger stage. However, this 
explanation can be rejected as the trap data indicate that Nereis only spend a short time 
in the plankton and disperse only a few metres. The funnel traps at Two Tree Island can 
be assumed to be able to catch all sized worms from the water column. If the two 
populations exhibited the same dispersal behaviour then they would have also caught 
more worms with > 41 segments, as present in the raised cores at Bridgemarsh Creek. 
There are variations in the population structure and reproductive cycles of Nereis 
(Scaps, 2002), and genetic differences at a local scale may be due to isolation allowing 
adaptations to local environmental conditions (Virgilo & Abbiati, 2004). The short 
distances in dispersal recorded at Two Tree Island suggests that populations may 
become genetically isolated, but it is important to note that this study did not account 
for possible long-shore distances travelled by Nereis larvae and juveniles. Differences in 
dispersal behaviour between the sites may be due to differences in reproductive 
strategies. Female Nereis may spawn several times, with most eggs liberated into the 
burrow in the first spawn (Marty et al., 1997). There is an absence of vitellus in the 
digestive tract of late spawned larvae, and so the rate of individual growth inside the 
parental burrow can be variable (Marty & Retiére, 1999). Larva up to the 10
th
 chaetiger 
stage are lecithotrophic (Dales, 1950), and so any late larvae may leave the burrow to 
feed in the water column (planktotophy) if there are not enough reserves available to 
them, or if overcrowding in the burrow occurs which can result in cannabilism by older 
larvae (Blake & Kudenov, 1981).  
Although the highest numbers of dispersing larvae were caught at the upper 
mudflat/Salicornia zone interface (Salicornia Front station), significantly fewer worms 
were caught at the same tidal height only 1.5m further into the marsh (Salicornia Back 
station) (Figure 2.15). From this study we are unable to ascertain if potential distances 
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travelled in the creek by Nereis were longer, but it is likely that larvae can be distributed 
further by more turbulent tidal currents. Smith (1964) reported that at the head of the 
Tamar estuary (south west England) Nereis are unable to breed because of the low 
salinities and suggested that the population is maintained by dispersal from lower 
reaches of the estuary. Tidal inundation was low at the two highest stations, thereby 
reducing the dispersal time available within these areas. Nereis do not colonise densely 
vegetated sediment (Paramor & Hughes, 2005) and even in the sparse S. europaea agg. 
zone their densities were much less than in the adjacent bare mudflat (Figure 2.20). A 
study in a saltmarsh in the USA found significantly lower densities of Nereis in 
Spartina alternifora zones than on the mudflat and creek walls (Johnson et al. 2007).  
 
2.8.5 Influence of tidal cycles 
The numbers of Nereis caught in the traps were correlated with the duration of 
immersion, and each week the numbers of worms caught in the traps was variable. 
However, for the first four weeks of the experiment there was not a clear relationship 
with either spring or neap tides. For the last four weeks a pattern was apparent, with 
more caught during spring tide periods, but overall there was no significant difference 
between the numbers caught during spring and neap tide periods. The lack of a 
difference may be due to the patchy distribution of dispersal occurring which 
contributed to the variation reported in the experiment. The importance of tidal 
synchronisation for invertebrates that undergo direct development have been 
documented. The amphipod Corophium volutator swim predominantly on rising spring 
tides (Hughes, 1988) and Nereis populations at high elevations often reproduce around 
the time of spring tides. In regions with little tidal influence, reproduction in Nereis is 
not as successful, in contrast to populations of the North Sea tidal flats where 
populations are adapted to intertidal conditions (Bartels-Hardege & Zeeck, 1990).  
 
2.8.6 Advantages of dispersal 
In Experiment 1 at Bridgemarsh Creek the densities of worms in the flush cores were 
generally lower than, but not significantly different to, those in the control sediments 
(except November and December) indicating that in each month almost all of the 
population undergoes dispersal, and hence that individual Nereis will disperse several 
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times in their lives. Reise (1979) reported juveniles to colonise spaces between the 
feeding territories around the burrows of established larger worms. Dispersal from the 
maternal burrow by swimming larvae increases the risk of predation while in the 
plankton but has the advantage of reducing interference and exploitation competition, 
with siblings and parent (Hughes 1988) and predation by the parent. On the upper 
mudflats Nereis are predominantly non-selective deposit feeders and they feed by 
partially emerging from their burrows to engulf mouthfuls of surface sediment before 
withdrawing (Paramor & Hughes, 2004). Larger Nereis disperse by crawling, when 
presumably they are not at risk of predation from conspecifics, but the advantages of 
doing so are not clear. Dispersal may be to find better feeding opportunities as Nereis 
may deplete the food resources in the sediment around their burrow. 
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CHAPTER 3 Does sewage pollution affect the feeding behaviour 
   and diet of Nereis diversicolor in south-east England? 
 
ABSTRACT  
Organic pollution from sewage effluent and nutrient pollution from agricultural run-off 
can increase benthic productivity and food availability for deposit feeding invertebrates. 
Stable isotope analysis was used to determine spatial and temporal variations in the 
feeding behaviour and diets of the opportunistic polychaete Nereis diversicolor 
(hereafter Nereis) which may switch between deposit feeding, predation and suspension 
feeding.  In each of four estuaries in south-east England two sites were selected, one 
near a sewage outfall and one remote from obvious sources of pollution and putatively 
cleaner. The δ 13C and δ 15N values of Nereis and all possible dietary sources collected 
in four seasons were used in linear mixing models (SIAR) to estimate the relative 
importance of potential food sources. Sewage pollution is characterised by enriched δ 
15
N values due to the preferential loss of δ 14N during early stages of sewage treatment. 
At the polluted sites sediment organic matter, Spartina sp. and Nereis had enriched δ 
15
N values compared to their respective clean sites, with the exception of the Orwell 
estuary where the clean site was later identified as polluted also. Across all estuaries 
studied Nereis was mainly deposit feeding on sedimentary organic matter, Ulva sp. and 
Spartina sp., but, with suspension feeding being more important at the cleaner sites. The 
macroalga Ulva sp. was often a major component of the diet at the polluted sites, and 
extensive mats were visible at the Blackwater, Orwell and Deben sites. However, Ulva 
sp. was also present at the putative clean sites on the Crouch and Orwell where it was 
important for Nereis. Smaller discharges or agricultural run-off may have been 
important at these sites. There was evidence of predation on Corophium volutator at the 
Crouch, and Deben polluted sites. The complexity of estuaries will make it difficult to 
characterise feeding behaviour at a landscape scale, as the local environmental and 
biotic conditions may be more influential in determining what dietary sources will be 
important to Nereis.  
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3.1 INTRODUCTION 
 
Eutrophication of coastal and estuarine waters as a result of anthropogenic activities has 
a significant impact on resident biota. High concentrations of nutrients from sewage 
pollution can have deleterious effects as fauna can be smothered from the excessive 
growth of macroalgal mats which create anoxic conditions in the sediment underneath 
(Raffaelli, 1999). Moderate eutrophication from organic pollution can, however, be 
beneficial (Clark, 2002). An increase in benthic algal productivity may increase local 
food sources for benthic invertebrates (Beukema & Cadée, 1997). These anthropogenic 
modifications to coastal waters can have wider ecological implications. For example, 
changes in estuarine invertebrate species composition and biomass may affect, 
positively or negatively, populations of resident and migratory birds, (Clark, 2002; 
Armitage et al., 2003; Essink, 2003). 
The widely distributed, and opportunistic estuarine species Nereis diversicolor 
(hereafter Nereis), has had different responses to organic pollution. Increases in 
densities have been reported after reductions in organic inputs (Cardoso et al., 2006). 
However, other surveys have reported a reduction in densities after such mitigation (Ait 
Alla et al., 2006) as it has been shown that increasing sewage inputs can favour 
populations of Nereis (Beardall et al., 1990). Food quality and availability is important 
to benthic invertebrates, and in estuarine environments which are often subject to 
sewage pollution, these will fluctuate spatially and seasonally. Increases in invertebrate 
biomass, including that of Nereis, were observed in the Wadden Sea following long 
term increases in nutrient inputs in the 1970s which fuelled increased food availability 
(Beukema & Cadée, 1997). Opportunism will be at an advantage with such variability 
and Nereis may be able to fulfil its energy needs by feeding in different ways and on 
different sources (Scaps, 2002; Dourou et al., 2007). Deposit feeding of Nereis has been 
implicated in the loss of saltmarshes of SE England, which have been eroding relatively 
rapidly for about the past 50 years (Pye & French, 1993), as they destabilise the 
sediment and consume seeds and seedlings of saltmarsh plants (Paramor & Hughes, 
2004). The hypothesis tested here is that pollution from sewage inputs and agricultural 
run-off over the past few decades has led to increases in population densities of Nereis 
by stimulating local benthic productivity and deposit feeding, rather than suspension 
feeding, by the worms. 
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3.1.1 Feeding behaviour of Nereis 
Benthic organisms including Nereis that feed opportunistically may exhibit a dietary 
switch depending on the availability, quantity and quality of available resources; 
seasonal changes are common (Fauchald & Jumars, 1979; Rossi, 2003; Vizzini & 
Mazzola, 2003). Nereis is omnivorous and can deposit feed and graze, by partially 
emerging from its burrow to grasp sediment, plant material and algae from the sediment 
surface with its eversible proboscis and draw them back into its burrow (Smith et al., 
1996; Engelsen & Pihl, 2008). Riisgård (1991) regarded Nereis as a facultative 
suspension feeder. The worm secretes a mucous bag near the entrance of its burrow and 
by undulating its body within its burrow draws down food particles in the water column, 
trapping them in the bag which is then eaten. This may result in a local decline in 
phytoplankton densities in the near-bottom boundary layer (Riisgård et al., 1996). 
However, the potential to feed by this method may be restricted by low phytoplankton 
densities, Nereis may also be a predator, using the jaws on its eversible proboscis to 
capture small bivalves including Macoma balthica (Hiddink, et al., 2002b), Corophium 
volutator and small conspecifics (Fidalgo e Costa et al., 2006).  
The feeding behaviour and biomass of Nereis will be of relevance to its competitors, 
prey and predators and the effect it has on the habitat. If Nereis is primarily suspension 
feeding from the water column, and therefore less time deposit feeding, sediment 
stability may be higher as there is less bioturbation and depletion of benthic diatoms 
which stabilise sediments with their mucopolysaccharide secretions. Sediment re-
working is linked to the mode of feeding (Nogaro et al., 2008), and also controlled by 
the abundance and biomass of the local population (Gillet et al., 2008). If high densities 
of Nereis are mainly deposit feeding, then there will be an increase in bioturbatory 
activity which may reduce the stability of the sediment, increase erosion, and also have 
an impact on other resident invertebrates (Jensen & André, 2003; Paramor & Hughes, 
2004). Therefore, it is important to explore patterns in the feeding behaviour of Nereis 
in different estuarine environments, as they are subject to extreme and fluctuating 
conditions, in order to understand the role that this ecosystem engineer has within these 
habitats. 
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3.1.2 Stable Isotope Analysis   
 
Stable isotope analysis (SIA) is being used increasingly in marine and estuarine studies 
for investigating the flow of organic matter in food webs and trophic interactions 
between species (Michener & Kaufman, 2007). Some elements, including carbon and 
nitrogen, have more than one naturally occurring isotope and the isotope ratios change 
predictably as they are cycled (Peterson & Fry, 1987). The relationship between the 
abundant light isotope (
12
C or 
14
N), and the rarer heavier isotope (
13
C or 
15
N) is 
expressed as a ratio, δ13 C for carbon and δ15N for nitrogen, and the higher the δ value, 
the more enriched a sample is in the heavier isotope. Isotope values are reported using 
the standard delta (δ) notation in units of per mil (‰)(Peterson & Fry, 1987) (see 
Equation 1), where X is the heavy isotope of interest (e.g 
13
C or 
15
N) and R is the ratio 
of the heavy to the light isotope. Standards have a δ values of 0 ‰ and the standard for 
carbon is Vienna PeeDee Belimnite (VPDB) and for nitrogen is air (AIR). In natural 
organic samples the δ carbon values are negative as they contain less of the heavy 
isotope than the standard (VPDB) (Fry, 2006). 
 
Equation 1:  1000))1)/(( tan  dardssample RRX  
 
δ15N has been used to map the impacts of organic inputs into estuaries (Constanzo et al., 
2001) and for constructing estuarine food webs (McClelland et al., 1997). Outflows 
from sewage treatment works have high δ15N values relative to natural estuarine organic 
matter. (McClelland et al., 1997; Constanzo et al., 2001; Jones et al., 2001; Hadwen & 
Arthington, 2007; Carlier et al., 2008; Pitt et al., 2009). Nitrogenous wastes from 
humans and animals typically have enriched δ15N values, of + 10 to + 20 ‰, compared 
to waters influenced only by atmospheric deposition (+2 to +8‰). The enrichment in 
the heavier 
15
N isotope in sewage is because of the preferential loss of the lighter 
14
N 
during metabolism and then ammonium volatilization and denitrification during the 
waste water degradation (McClelland et al., 1997). However, runoff from soils fertilised 
by nitrate and ammonium rich fertilisers generally have δ 15N values close to zero 
(McClelland et al., 1997; Costanzo et al., 2001). Using the δ15N signatures of 
macrophytes and sediment to indicate eutrophic conditions in estuaries can be a more 
sensitive and cost-effective indicator of land-derived nitrogen, than measuring water 
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column nutrient concentrations (e.g. nitrates and ammonia) which may be variable 
temporally (Castro et al., 2007).  
 
SIA is a useful tool for examining trophic interactions in estuarine food webs (Michener 
& Kaufman, 2007). Gut contents analysis is the traditional method for identifying the 
diet of organisms but this requires good taxonomic identification skills, is time 
consuming, yields results limited to the food eaten only in the short time prior to 
collection and may result in an over estimation of the importance of those prey that 
contain indigestible hard parts. Fidalgo e Costa et al. (2006) found that the guts of only 
30 % of 3000 Nereis had any contents and Galván et al., (2008) could only record 
diatom frustules, along with unidentifiable material. SIA used in conjunction with, and 
even in preference to, gut contents analysis provides a time-integrated measure of 
assimilated carbon and nitrogen rather than an instantaneous measure of ingested 
material (Michener & Kaufman, 2007). 
 
There is a complex array of food sources available to invertebrates in saltmarsh habitats, 
(Haines & Montague, 1979; Créach et al., 1997). Much is detritus but the origins of 
detrital material cannot be determined visually (Peterson & Fry, 1987) and may be a 
mixture of terrestrial, freshwater, and coastal sources. SIA can help distinguish between 
different primary producers as they may exhibit distinctive δ13C signatures which 
importantly do not change when a plant dies and becomes detritus (Stephenson & Lyon, 
1982). This distinction in δ13C signatures of vascular plants and algae is primarily due 
to the C3 and C4 photosynthetic pathways (Figure 3.1). Furthermore, there is little 
enrichment in δ13C of a consumer relative to its diet (~ + 1 ‰, DeNiro & Epstein, 
1978), therefore carbon isotopic signature can be used as a reliable “natural tracer” of 
carbon flow in complex estuarine food webs. While consumers are similar in carbon 
isotopic compositions to their diets, they are enriched than their dietary nitrogen usually 
by between + 3 - 5 ‰, and thus δ15 N is used to indicate the trophic position of an 
organism (DeNiro & Epstein, 1981; Peterson & Fry, 1987) relative to its food source. 
The enrichment in δ15N in a consumer relative to its diet is due to preferential 
metabolism by enzumes and preferential excretion of 
14
N the lighter isotope as urea and 
ammonia (Mitchener & Kaufman, 2007). 
 
In estuaries Nereis may feed on a wide range of food sources, and so it becomes 
difficult to discriminate between the different sources of organic matter via a single 
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isotopic tracer (Peterson & Howarth, 1987). It is advisable to use a multiple isotope 
approach (i.e. δ13C and δ15N) for investigating food webs to identify both the primary 
producer (s) supporting the web, and to reveal a consumer‟s trophic position within it. 
Furthermore, it is also important to incorporate seasonality into such studies to 
encompass any temporal changes in isotopic turnover rates and reveal possible 
fluctuations in source availability (Grey, 2006). 
 
 
Figure 3.1 The ranges of δ 13C signatures of estuarine primary producers (SOM = 
sediment organic matter and POM= suspended particulate organic matter), (from Haines 
& Montague, 1974; Créach et al.,1997; Riera et al., 1999;Vizzini & Mazzola, 2003). 
 
3.1.3 Aims and Hypotheses  
Stimulation of deposit feeding infauna, in particular polychaetes can occur following an 
increase in organic enrichment of sediments (Spies et al., 1989; Rossi, 2003) and the 
importance of suspension and deposit feeding by Nereis can vary between populations 
(Fauchald & Jumars, 1979).This investigation was conducted to address the main 
hypothesis that the feeding behaviour and diet of Nereis is affected by nutrient pollution 
from sewage and agriculture which stimulate local benthic productivity. It is 
hypothesised that in areas impacted by sewage inputs Nereis will be predominantly a 
deposit feeder grazing on the benthic algae and have a higher biomass than those in 
putatively clean sites where suspension feeding is more important.  
76 
 
3.2 SITE DESCRIPTIONS 
Four estuaries in SE England were chosen, the Crouch and Blackwater in Essex and the 
Orwell and Deben in Suffolk. Table 3.1 provides some summary data for each of the 
four estuaries. In each estuary, two sampling sites were chosen, a presumed polluted (P) 
site close to an outflow from a sewage treatment works (STW) and a presumed clean 
(C) site as far removed from such a pollution source as possible. Figure 3.2 shows the 
locations of these eight sites and provides a description of each STW, and the associated 
sampling site. 
 
All of the STWs discharge secondary treated effluent (Environment Agency, 2006 (a –
d)). The Wickford STW discharges treated effluent into the freshwater reaches of the 
Crouch upstream of the village of Battlesbridge. The Crouch polluted (CrP) site was 
east of Battlesbridge, approximately 2.2 km downstream of the discharge, near the 
upper tidal limit of the Crouch estuary (Worley & Simpson, 1998). The largest 
consented daily volume of discharge for any of these STWs was for Cliff Quay STW, in 
Ipswich on the Orwell estuary. The Orwell is the most industrialised estuary between 
the Thames and the Humber (Hill et al., 1996). The Orwell polluted (OrP) site was 
under the Orwell Bridge 500 m downstream of Cliff Quay. The smallest consented daily 
volume of discharges is for Woodbridge STW, which discharges into Martlesham 
Creek, off the Deben estuary. The Deben estuary has been modified by agricultural 
land-claim, but the only urban part of the estuary is Woodbridge at the head of the 
estuary (Hill et al., 1996). The Maldon STW at Decoy point is one of the major point 
sources of nutrient pollution into the Blackwater estuary, where discharges occur in the 
most sensitive inner parts (Chesman et al., 2006). Sampling at Martlesham (Deben) DeP 
and at Decoy Point (Blackwater) BwP was close to the discharge pipes. 
 
The four putative C sites were situated near the mouths of the estuaries, away from 
apparent discharges (but see below for the Orwell). They were chosen as the Nereis of 
the upper shore would be immersed in water on the flood tide direct from the North Sea,  
in contrast to the P sites where the worms would be immersed in water containing 
effluent from the STW including that brought back to the site from the estuary by the 
flood tide. The results from this study identified that OrC was a sewage affected site 
with input from the Shotley STW (TM 2498 3514). However, the maximum consented 
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discharges at Shotley are low at only 662 m
3
. day
 -1 
(Royal Haskoning, 2009) compared 
to the discharges occurring at the P sites in this study. 
 
There are distinct patterns that follow salinity gradients for many environment variables 
(i.e. nutrient, DOC and plankton concentrations), and which may in turn influence the 
food sources available to estuarine invertebrates (Deegan & Garritt, 1997). In this study 
the chosen polluted sites were all located in the upper reaches, whereas the clean sites 
lay further downstream near the mouths of the estuary, therefore, the populations of 
these sites will be expected to  experience very different salinity regimes which may 
result indirectly in different feeding behaviours independent of any sewage inputs. 
 
 
Figure 3.2 Location of the sampling sites (reproduced from Ordnance Survey map data 
by permission of the Ordnance Survey & Nicholls & Trimmer (2009)).  
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Table 3.1 Summary data for the four estuaries in SE England. (from Beardall et al, 
1990; Hill et al, 1996; Worley & Simpson, 1998, Posford Haskoning Environment, 
2002).LMU = Littoral mud, Hed =Hediste (Nereis) diversicolor,  Ol = Oligochaete and 
Str = Streblospio sp. community). 
 
Estuary Total 
area 
(ha) 
Littoral 
area 
(ha) 
Tidal 
channel 
(km) 
Tidal 
range 
(m) 
Dominant 
Biotope 
sampled 
Crouch 2754 ~170 25 4.9 LMU.HedOl 
Blackwater 5184 ~3315 21 4.9 LMU.HedOl 
Orwell 1785 ~ 713 20  3.9 LMU.HedStr 
Deben 979 687 18 3.6 --------- 
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Table 3.2 Description and location of the sampling stations and associated sewage treatment works (STW) at the polluted sites (a) and the clean sites 
(b) for each estuary (Environment Agency, 2006 (a – d). 
 
 
 a) Polluted sites 
 
  b) Clean sites 
ESTUARY Study site Site 
code 
STW Maximum  
discharge 
(m
3
.day
-1
) 
NGR of STW 
discharge 
NGR of 
sample point 
      Study site Site 
code 
NGR of 
sample point 
            
Crouch Battlesbridge (CrP) Wickford 40,000 TQ 761 9401 TQ 788 948   Holliwell Point (CrC) TR 018 958 
            
            
Blackwater Decoy Point (BwP) Maldon 17,700 TL 8914 0743 TL 8914 0743   Mill Creek (BwC) TL 967 092 
 
            
Orwell Orwell Bridge (OrP) Cliff Quay 89,742 TM 1714 4144 TM 175 412   Shotley Church (OrC) TM 245 359 
            
            
Deben Martlesham (DeP) Woodbridge 12,786 TM 262 474 TM 262 474   Felixstowe Ferry (DeC) TM 325 378 
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3.3 METHODS 
3.3.1 Sampling 
Table 3.3 summarises the sampling programme. Each site was sampled at least four 
times between spring 2008 and summer 2009. 
 
Table 3.3 Sampling programme for the eight estuarine sites in south-east England. 
Estuary Study site 2008 2009 
  Spring Summer Autumn Winter Spring Summer 
Crouch CrP • • • • •  
 CrC • • • • •  
Blackwater BwP   • • • • 
 BwC   • • • • 
Orwell OrP  • • • •  
 OrC  • • • •  
Deben DeP  • • • •  
 DeC  • • • •  
 
 
3.3.1.1 Samples for stable isotope analysis 
On each occasion at each site collections were made of Nereis, other invertebrates if 
found in sufficient densities, saltmarsh plants typical of the vegetation nearby, benthic 
macroalgae (Ulva sp.), brown diatomaceous mats (microphytobenthos, MPB) and 
sediment with no apparent microphytobenthos. Nereis and other invertebrates were 
collected by turning over the sediment with a trowel and removed using forceps. Nereis 
were stored in individual containers, but Corophium volutator and Hydrobia ulvae were 
not as approximately 100 were required.  Sediment samples were collected by scraping 
the upper few millimetres of sediment using a scalpel, avoiding obvious diatomaceous 
mats and H. ulvae. If brown diatomaceous mats were present, three scrape samples were 
taken and spread over the bottom of three 12.5 x 8.5cm, 0.5cm deep perspex trays. A 63 
µm nylon mesh was placed on each sample before transportation to the laboratory to 
allow the diatoms to migrate up through the mesh (after Riera et al, 1999) (see below). 
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The live and dead leaves and stems of the saltmarsh vegetation from the pioneer zone 
were collected (e.g. Spartina sp. and Salicornia sp.). During the spring young shoots of 
Salicornia sp less than 1cm in height, were also collected.  Few species of macroalgae 
was present and those that were collected were mainly the filamentous green algae Ulva 
sp. covering the mudflat surface, and Fucus vesiculosus, attached to rocks or other hard 
structures. Suspended particulate organic matter (POM) was sampled from the flooding 
spring tide within an hour of high water by towing a 55µm plankton net (80cm long, 
mouth diameter= 29 cm) just below the surface for 5 minutes being careful to avoid 
collecting sediment. Zooplankton samples were taken using a 250µm plankton net (46 
cm long, mouth diameter = 25cm). The invertebrates were placed in a cool box and all 
other samples were placed on ice and transported to the laboratory the same day. 
 
3.3.1.2 Quantitative invertebrate and sediment samples.   
During the autumn of 2008, and winter and spring of 2009, five replicate cores (internal 
diameter 8 cm) to a depth of 20cm were taken at each site to quantify the densities and 
biomass of Nereis and other macrofauna. The autumn to spring seasons were important 
for recording Nereis population structure to identify mortality in the winter months, and 
recruitment in the spring (the spring 2009 samples from both sites in the Orwell were 
lost). In the summer 2008 only, three replicate samples of surface sediment (upper 5 
cm) were taken using a small scoop for determination of water and organic content. 
Salinity was measured using a refractometer (in all seasons) and in summer 2008 three 
50 ml samples of surface water were taken for measurement of nutrient concentrations. 
 
3.3.2 Laboratory methods 
3.3.2.1 Stable isotope analyses  
Nereis were rinsed in seawater to remove external sediment and placed in individual 
containers in GF/F filtered seawater from the sample site. Approximately 30 individuals 
of C. volutator and H. ulvae were used for each replicate sample. Specimens were left 
for at least 48 hours to allow depuration (evacuation of gut contents) after which they 
were rinsed with distilled water and frozen at - 20°C. Thawed specimens were dried at 
60°C as were the sediment samples. The macroalgae and saltmarsh vegetation were 
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rinsed thoroughly in distilled water and their fronds and leaves cleaned of epibionts 
using a scalpel and brush, before being dried at 60 ºC. The dried samples of 
invertebrates, plants, algae and sediment were homogenised by grinding to a fine 
powder with a pestle and mortar.  
For the determination of δ15 N no pre-treatment was required (Carabel et al., 2006), but 
determination of the δ13 C of the organic carbon required the removal of inorganic 
carbon (e.g. CaCO3), which have different isotopic signatures (Lorrain et al, 2003, 
Kennedy et al, 2005).  Inorganic carbon was removed from the sediments by 
acidification according to the methods of Hedges and Stern (1984). 1.5 ml 1M HCL was 
added to dried sub-samples (50-100 mg) and left for 24 hrs. Then 0.25 ml 1M HCL and 
0.25 concentrated HCL was added. To ensure the HCL was mixed with the sample, the 
slurry was agitated for a minute. The samples were dried at 50ºC, and left for a further 
24 hrs. Acidification for removal of inorganic carbon in invertebrate specimens was 
achieved by adding drops (0.25 ml) of 1M HCL to pre-weighed sub-samples of the 
ground samples, until CO2 bubbles were no longer observed, and the samples re-dried at 
60 °C. 
The MPB (microphytobenthos) were separated from the sediment by illuminating each 
tray containing the sediment scrapes under the nylon mesh for up to 14 hours at 14 °C. 
Each tray was kept moist by spraying with GF/F filtered seawater (from each site). A 
brown diatomaceaous film became visible on the mesh as the phototactic diatoms 
moved up onto it from the sediment (Riera et al, 1999). This layer was scraped into 
petri dishes and any meiofauna (e.g. nematodes) removed. The MPB samples were 
filtered over pre-combusted (450 °C for 5 hours) and pre-weighed GF/F Whatman filter 
papers (nominal pore size, 0.7 µm), and dried at 60°C. POM samples were first poured 
through a 250µm screen to remove any large zooplankton, leaves and other large 
organic debris. Any remaining detritus was removed by screening the samples with a 
binocular dissecting microscope. These POM samples and the zooplankton samples 
were filtered over pre-combusted (450 °C for 5 hours) and pre-weighed GF/F Whatman 
filter papers using a vacuum filter before being dried at 60°C.  
All ground samples were weighed into ultra clean tin caps with sample weights of 1.2 
mg for invertebrates, 1.5 mg for vegetation and 8 mg for SOM (sediment organic 
matter). The POM, zooplankton and MPB samples on the filter papers were scraped into 
tin caps and approximately 1.2 mg for zooplankton and 6-8 mg for POM and MPB were 
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used. It was important to maximise the sample weight for POM and MPB as there is 
high variability of carbon and nitrogen isotope values with small sample sizes (Hill, 
2007).  
 
3.3.2.2 Quantitative invertebrate and sediment samples  
Within 24 hours the core samples were washed through a 500µm sieve and the sievings 
fixed in 4% seawater formalin solution. Later these samples was washed thoroughly and 
Nereis were removed and preserved in 70% IMS. The L3 length (see chapter 2) of all 
Nereis was recorded and the total body length (mm), and blotted wet weights (g) of all 
intact individuals were also measured (see Chapter 2, section 2.2.3). The water content 
of the sediment was measured as weight loss on drying at 105°C (DW105) of a 1-2 g 
sample placed in a pre-weighed crucible. For determination of sediment organic matter, 
the loss on ignition method (LOI) was used, where the dried sediment (DW105) was 
heated to 550 °C for 6 hrs to obtain the DW550. The LOI550 was calculated using the 
following equation: 
 
Equation 2:  LOI550  = ((DW105 – DW550)/DW105)*100   
 (After Heiri et al, 2001). 
 
3.3.3 Analyses  
The carbon and nitrogen isotope ratios of the samples were determined using an 
elemental analyser (ThermoFinnigan TC/EA Flash 112. Bremen, Germany) coupled to 
a continuous flow isotope ratio mass spectrometer (CF-IRMS) (ThermoFinnigan Delta 
Plus, Bremen, Germany). Isotope values are reported using the standard delta (δ) 
notation in units of per mil (‰) (Equation 3). Where X is the heavy isotope of interest 
(e.g 
13
C or 
15
N) and R is the ratio of the heavy to the lighter isotope (Peterson & Fry, 
1987).  
 
Equation 3:  1000))1)/(( tan  dardssample RRX  
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To allow comparison with other studies, international standards were included to correct 
delta values to an international scale (Jardine & Cunjak, 2005), and these were used on 
each new oxidation and reduction column. Sucrose (for carbon) and ammonium 
sulphate (for nitrogen) supplied by the National Institute of Standards and Technology 
(NIST) were used as the international standards, and all delta values are reported 
relative to Pee Dee Belemnite (PDB) and atmospheric N2 respectively. An internal 
working standard, Cicloesanone-2,4-dinitrofenilidrazone (C12H14N4O4) was also 
included after every six or seven samples to monitor column performance across and 
within each analytical run. Repeated analyses of the internal standard showed the  
accuracy (i.e. ± 1 S.D.) for C was ± 0.04 and for N was ± 0.03. At the start of each 
sequence a calibration with a urea dilution series (0 - 0.6 mg) was included for 
determination of the elemental mass of the carbon and nitrogen in the samples (after 
Hill, 2007). Each run was approximately 50 samples (including the urea calibration and, 
internal, and external standards). Three replicates of each sample from each site and 
season was chosen as an appropriate number, but if a large variation was found, a 
further two replicates were analysed.   
Water nutrient (NO3
-
, NO2
-
, NH4
+
 and P) concentrations were measured using a 
continuous-flow autoanalyser (SAN
++
; Skalar,
 
De-Breda, The Netherlands) on 50ml 
samples previously filtered through GF/F Whatman filter papers.  
 
3.3.4 Data analyses 
The macrofaunal abundances were converted to densities (no.m
-2
). All data for 
environmental information, invertebrate densities and biomass, and SIA had their means 
and standard deviation/standard errors calculated and preliminary analyses performed in 
MINITAB V.14 (i.e. test for normality, equality of variance, and ANOVA). If the data 
did not fit the assumptions of ANOVA, then the non-parametric Kruskal-Wallis test was 
used. Further detailed analyses of the stable isotope data were required for investigating 
the potential diet of Nereis and these were conducted using computational linear mixing 
models (see below). 
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3.3.4.1 Trophic enrichment factors (TEFs) and mixing models 
A consumer is enriched relative to its diet by a mean of approximately +1 ‰ for carbon 
and +3 ‰ for nitrogen (DeNiro and Epstein, 1978, 1981) and this fractionation or 
trophic enrichment factor (TEF = δconsumer – δfood source) is used in models to predict diet 
from potential sources also analysed (Galván et al., 2008).  However, the degree of 
enrichment will vary depending upon the organism of interest. For example, the 
variation in nitrogen enrichment can be due to the differences in diet (e.g. a plant or 
invertebrate diet) (Grey, 2006). Nereis is an omnivore and it may be expected that there 
will be variation in enrichment of nitrogen and carbon. A meta-analysis of trophic shifts 
for stable isotope ratios among consumers was performed by McCutchan et al (2003) 
and they concluded that for consumers the best estimate of enrichment for carbon will 
be +0.5 ± 1.31 ‰ (± SD) and +2.2 ± 1.47 ‰ (± SD) for nitrogen, and it is this pair of 
TEF values that was used here in isotope mixing models to correct for fractionation in 
Nereis.  
In order to estimate the proportions of the dietary constituents, for Nereis¸ mixing 
models of the isotopic signatures of the various sources were performed. For this study 
the newly developed Bayesian mixing model SIAR (Parnell et al, 2010) was used in the 
R statistical programme (Inger et al., 2010). This model was used instead of IsoSource 
(Philips & Gregg, 2003), which is commonly used, as SIAR incorporates the variability 
(standard deviation) of the consumers, potential sources and TEFs‟ and thus uncertainty 
into the model, whereas IsoSource only uses mean values of sources and consumers. A 
comparison of both models has shown that the inclusion of standard deviations is 
important as SIAR provides narrow and probable intervals, whereas the intervals from 
IsoSource were too wide to be informative (Moreno et al., 2010). Separate SIAR model 
analyses were conducted for each site, and for each season to provide the median % and 
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% CI contribution for each potential dietary source.  
Having too many sources in the model can reduce its performance (Parnell et al., 2010) 
and in general it is advised that the number of sources does not exceed: n + 1 (where n = 
number of isotopic signatures) (Phillips and Gregg, 2003). However, excluding sources 
can lead to bias in the estimated contributions of the remaining sources (Phillips et al. 
2005). Exclusion of sources from the model was done in this study with caution and 
under the following circumstances: if (1) a source consistently contributed a low dietary 
proportion, (2) if a source was too depleted or enriched to be a possible source, and (3) 
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if a source was always indistinguishable from another in isotopic signatures. In the last 
situation such sources can be combined (Phillips et al., 2005), but not if the two sources 
differ in terms of the nutritional quality or ecological function to the consumer, then 
pooling is not recommended.  
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3.4 RESULTS 
3.4.1 Environmental data 
Water column and sediment data are summarised in Table 3.4 a-d for each of the four 
estuaries. The C (clean) sites nearer the mouth of the estuaries had higher salinities, than 
the P (polluted) sites. For all of the estuaries there were significantly higher nitrate, 
ammonia and phosphate concentrations in the water at the P sites than the C sites, with 
the exception for the Orwell where there was a no significant difference in nitrate 
concentrations. The lowest water content of the sediments was at OrP with 39.82%, 
whereas at all other sites the water content was between 52.54 and 63.73 %. At BwP 
and OrC the organic content of the sediment was significantly higher than their 
respective sites, but for the Crouch and Deben there were no significant differences. 
 
3.4.2 Spatial variation of δ13 C and δ15 N signatures 
Selecting suitable locations for polluted and putative clean sites required knowledge of 
the location and size of the STWs and the hydrography of the estuaries. A retrospective 
assessment of the chosen sites was done by using the δ15N signatures of the sediment 
organic matter (SOM) and the leaves of Spartina sp., chosen because it was present in 
all sites, and Castro et al. (2007) found larger between-estuary differences for Spartina 
maritima than other halophyte species for assessing eutrophication. To confirm that the 
polluted sites were more enriched than the clean sites the mean δ15N values of the leaves 
of Spartina sp. and underlying sediment (SOM) from each polluted site were plotted 
against the δ15N values from its associated clean site (Figure 3.3). The δ15N of the SOM 
was indeed significantly more enriched for the polluted sites than the clean sites, with 
the exception of the Orwell where the two sites had similar mean values. The δ15N 
values of Spartina sp. from all of the polluted sites were significantly higher than their 
respective clean sites. 
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Table 3.4 a – d) Water column and sediment data (mean ± SE) for all four estuaries, sampled during summer 2008. All nutrient data are µmol.l-1. 
Significant p-values for comparison of clean and polluted sites from One-way ANOVA are in bold. 
 
 
  a)            
 
CROUCH  
n 
CrP CrC p-value 
     
Water column     
Salinity 5 21 35 ----- 
NO3
-
 5 274.70 ± 22.4 22.50 ± 0.89 < 0.0001 
NH4
+ 
5 104.15 ± 7.72 1.81 ± 0.27 < 0.0001 
P 5 84.65 ± 5.61 1.40 ± 0.60 < 0.0001 
     
Sediment     
% water content 3 60.31 ± 0.57 53.16 ± 5.92 0.296 
% organics 3 11.32 ± 0.15 11.77 ± 0.27 0.223 
     
b) 
BLACKWATER   
n 
BwP BwC p-value      
     
Water column     
Salinity 5 24 35 ----- 
NO3
-
 5 130.95 ± 3.75 24.33 ± 1.23 < 0.0001 
NH4
+ 
5 16.07 ± 0.54 3.85 ± 0.66 < 0.0001 
P 5 49.95 ± 1.78 6.79 ± 0.52 < 0.0001 
     
Sediment     
% water content 3 57.30 ± 1.22 52.54 ± 0.44 0.021 
% organics 3 9.36 ± 0.50 6.80 ± 0.37 0.041 
     
c) 
ORWELL   
n 
OrP OrC p-value 
     
Water column     
Salinity 5 28 35 ----- 
NO3
-
 5 76.00 ± 14.8 100.32 ± 2.62 0.144 
NH4
+ 
5 63.28 ± 0.31 12.52 ± 0.88 < 0.0001 
P 5 10.85 ± 0.29 2.29 ± 0.42 < 0.0001 
     
Sediment     
% water content 3 39.82 ± 0.63 58.42 ± 0.58 < 0.0001 
% organics 3 4.85 ± 0.14 12.54 ± 0.67 < 0.0001 
     
d) 
DEBEN  
n 
DeP DeC p-value 
     
Water column     
Salinity 5 22 36 ----- 
NO3
-
  5 548.10 ± 13.4 82.83 ± 3.90 < 0.0001 
NH4
+
 
 
5 37.09 ± 1.84 6.00 ± 0.49 < 0.0001 
P  5 26.80 ± 0.70 1.16 ± 0.09 < 0.0001 
     
Sediment     
% water content 3 60.28 ± 0.31 63.73 ± 0.56 0.006 
% organics 3 13.34 ± 0.43 11.31 ± 1.04 0.146 
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Figure 3.3 δ15 N (mean ‰ ± SD) signatures for sediment organic matter (SOM) and 
Spartina sp. leaves from polluted sites plotted against those of clean sites in each of the 
four estuaries: Crouch (Cr), Blackwater (Bw), Orwell (Or) and Deben (De). The data 
are pooled from all seasons. The dashed line indicates no difference between the 
polluted and clean sites. 
 
Figure 3.4 shows the mean δ15N signatures for Nereis from all seasons for the polluted 
sites and the clean sites. Variations in the δ15N (‰) and δ13C (‰) signatures for Nereis 
can reflect differences either in diets or other estuary characteristics (Nithart, 2000). In 
the Crouch, Blackwater, and Deben Nereis were more enriched in the polluted sites than 
the clean sites. The most enriched values were in the Crouch polluted site (Cr-P) with a 
mean δ15N of 20.24 ‰. In the Orwell estuary Nereis were more enriched in the 
presumed clean site (13.30 ‰) than in the polluted site (10.12 ‰).  
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Figure 3.4 Mean δ15N signatures (‰ ± SD) for Nereis from polluted sites plotted 
against those of clean sites in the four estuaries: Crouch (Cr), Blackwater (Bw), Orwell 
(Or) and Deben (De). The data are pooled from all seasons. The dashed line indicates no 
difference between polluted and clean sites.  
 
 
Figure 3.5 shows the mean δ13C signatures of Nereis. Here, all the clean sites had a 
heavier isotopic signal than their respective polluted sites. There were differences in 
salinities between these stations, and the difference in the δ13C for Nereis may, in part, 
be explained by these differences. There is a relationship between the salinity of the 
eight sampling sites and the carbon isotopic signatures of Nereis and SOM (Figure 3.6) 
with an increase in enrichment of δ13C along the salinity gradient. Therefore, variations 
in the carbon isotopic signature of Nereis cannot at this stage be interpreted as 
differences in dietary sources, but may be due to a shift in the baseline signatures of all 
potential sources, due to their locations.   
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Figure 3.5 Mean δ13C signatures (‰) (± SD) of Nereis from polluted sites plotted 
against those of clean sites in the four estuaries: Crouch (Cr), Blackwater (Bw), Orwell 
(Or) and Deben (De). The data are pooled from all seasons. The dashed line indicates no 
difference between polluted and clean sites. 
 
 
Figure 3.6 The relationship between salinity and mean δ13C signatures (‰) for Nereis 
and sediment (SOM), from the eight sites in the Crouch, Blackwater, Orwell, and Deben 
estuaries. Data pooled from all sampling seasons for each site, and the site and estuary 
data labels not shown. 
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3.4.3 CROUCH ESTUARY 
3.4.3.1 Macrofauna data 
There were higher densities and biomass of Nereis in the polluted site (CrP) than in the 
clean site (CrC), differences that were significant in the winter and spring (Figure 3.7a 
& 3.8) when few Nereis were found at CrC. The population at CrP was mainly small 
individuals (Figure 3.7b) in the three seasons.  
 
(a)     (b) 
Figure 3.7(a) Mean densities (+SE, n = 5) and (b) length L3 (mm) frequency (no of 
individuals in what area?) histograms of Nereis at CrP (Polluted) and CrC (Clean) sites 
on the Crouch estuary (** = significant difference between densities, Kruskal-Wallis p 
= < 0.01).  
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Figure 3.8 Mean biomass (dry weight g.m
-2, 
+ SE, n = 5) of Nereis at CrP and CrC 
between Autumn 2008 and Spring 2009 (* = significant P < 0.05 difference between 
densities, ANOVA). 
 
Another abundant species at CrP, particularly in the autumn 2008, was the amphipod 
Corophium volutator which was absent at CrC (Figure 3.9). Oligochaetes were present 
at both sites, but with higher densities at CrC. There was an increase in spionid worms 
in the spring at CrP, but these polychaetes were not present at CrC. 
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Figure 3.9 Mean densities (+SE, n= 5) of other inveretbrates at CrP and CrC in the 
autumn, winter and spring 2009.  
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3.4.3.2 Isotopic signatures of Nereis 
Figure 3.10 shows the seasonal change in mean isotopic signatures of Nereis from the 
CrP and CrC sites. Throughout all the seasons δ15N at CrP was more enriched than at 
CrC, and δ13C at CrC was always more enriched than at CrP. At the polluted site there 
was a larger seasonal variation in both δ15N and δ13C than the clean site. At CrP there 
was a significant seasonal change in δ15N (ANOVA:  F= 4.35, p = 0.027) and δ13C 
(ANOVA: F= 57.14, p = < 0.0001). However, at CrC there was only a significant 
change over time in δ13C (ANOVA: H = 12.47, p = 0.001).  
 
 
Figure 3.10 Seasonal variation in mean (± St. Dev, n = 3) δ15N and δ13C (‰) signatures 
of Nereis at Cr-P and Cr-C. 
 
3.4.3.3 Estimates of diets 
Figure 3.11 and 3.12 show the dual isotope signatures for Nereis and the potential food 
sources at CrP and CrC respectively, and Table 3.5 shows the results from the SIAR 
mixing models. At CrC POM was estimated to be more important to Nereis (17 – 31 %) 
than it was at CrP (13 – 21 %) during the year. At CrP Ulva sp (38 %) and MPB (22 – 
52 %) was overall more important than at CrC. However, at CrP Nereis was also very 
enriched in δ15N relative to the basal sources, with mean values ranging between 19.69 
‰ and 21.75 ‰ indicating that herbivory was not as important. The SIAR model 
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estimated that C. volutator was an important food source for Nereis in the spring (25 - 
35 %) and summer (36 %).  
Spartina sp. was present at both sites, but was estimated to be an important source only 
at CrC (26 – 37 %). At CrP the lower marsh was dominated by Spartina sp, but this C4 
plant had mean δ 13C (-13.77 to -13.20 ‰), and δ 15 N (9.69 to 15.05 ‰) and the 
signatures were too high and low respectively relative to Nereis and was, therefore, 
excluded from the model. POM was not important to Nereis at CrP, however, additional 
samples taken from the low shore in spring 2009 estimated that Nereis was feeding 
differently to those higher up. Low shore Nereis had δ 13C of   -24.18 ± 0.88 ‰ and 
δ15N of 18.21 ± 0.15 ‰, values more depleted than the upper shore Nereis. The results 
from a separate SIAR model for the low shore samples indicated that C. volutator was 
less important (21%), whereas POM contributed more (27 %). At this lower elevation 
MPB which was present on both the upper and lower shore had similar estimated 
mediam values of 22 % for the upper mudflat, and 21 % for the lower. 
CrC was the putative clean site, however, Ulva sp. was very abundant across the 
entrance of the creek at the marsh. Ulva sp. had variable δ15N values with a minimum in 
the winter of 10.65 ‰ and a maximum of 14.14 ‰ in the summer when it was 
important in contributing 25% to Nereis diet. Fucus vesiculosus in the spring 2008 had 
very similar δ 13C and δ 15 N values to Ulva sp. However, this macroalga was excluded 
from the model as it was much less abundant than Ulva sp. and unlikely to be as an 
important dietary source due to its low palatability and complex chemical defences 
against herbivory (Nordström et al., 2006). At CrC the C3 plant, Salicornia sp., 
including the young shoots and dead standing material, was depleted in δ13C (< 10 ‰) 
compared to the other primary producers. Salicornia sp. was included in the SIAR 
analyses, but the model estimated that its contribution was low, with a highest median 
value of only 7 %. 
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Figure 3.11 Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources at the Crouch polluted site 
(CrP). 
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Figure 3.12 Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources sampled at the Crouch clean site. 
(CrC)  
99 
 
Table 3.5 Results from the SIAR mixing model for the Crouch estuary. Bold median 
values indicate the most important dietary source predicted for Nereis .  † = a source not 
present/not sufficiently present, * = a source sampled, but excluded from the model. 
 
Season Sources Polluted  Clean 
  Median (95
th
 % CI)  Median (95
th
 % CI) 
       
Spring 2008 POM 20 (2 – 29)  27 (20 – 36) 
 SOM 13 (1 – 15)  24 (18 – 33) 
 Ulva sp. 38 (31 – 45)  18 (8 – 25) 
 Spartina sp. * *  26 (19 – 34) 
 F. vesiculosus † †  * * 
 Salicornia sp. † †  4 (0 – 7) 
 C. volutator 25 (16 – 36)  † † 
       
       
Summer 2008 POM 14 (0 – 14)  17 (4 – 23) 
 SOM 18 (1 – 19)  16 (2 – 18) 
 MPB 26 (16 -37)  † † 
 Ulva sp. † †  25 (18 – 34) 
 Spartina sp. * *  37 (25 – 38) 
 Salicornia sp. † †  7 (0 – 8) 
 C. volutator 36 (22 – 46)  † † 
       
       
Autumn 2008 POM 21 (2 – 23)  24 (17 – 34) 
 SOM 25 (13 – 35)  16 (3 – 21) 
 MPB 52 (41 – 61)  † † 
 Ulva sp. † †  20 (11- 29) 
 Spartina sp. * *  31 (23 -38) 
 Salicornia sp. † †  6 (0 – 7) 
       
       
Winter 2009 POM 13 (0 – 13)  23 (16 – 31) 
 SOM 14 (0 – 14)  11 (1 – 12) 
 MPB 30 (25 – 42)  19 (13 – 27) 
 Ulva sp. 37 (21 – 47)  10 (1 – 11) 
 Spartina sp. * *  26 (19 – 35) 
 Salicornia sp. † †  5 (0 – 5) 
       
       
Spring 2009 POM 15 (0 – 15)  31 (23 – 40) 
 SOM 22 (2 – 33)  16 (8 – 23) 
 MPB 22 (6 – 32)  22 (13 – 32) 
 Spartina sp. * *  30 (24 – 37) 
 C.volutator 35 (23 – 45)  † † 
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3.4.4. BLACKWATER ESTUARY 
3.4.4.1 Macrofauna data 
There were no significant differences in Nereis densities or biomass between the Bw-P 
and Bw-C sites, except during the winter when no Nereis were found at BwP (Figure 
3.13a and 3.14). In the spring and autumn both populations had a similar size 
distribution with a mode at L3 lengths of 1.30 – 1.70 mm (Figure 3.13b). 
 
 
(a)     (b) 
Figure 3.13 (a) Mean densities (+SE, n = 5) and (b) length L3 (mm) frequency (number 
of individuals) histograms of Nereis sampled at Bw-P and Bw-C sites on the Blackwater 
estuary (* = significant difference between densities, ANOVA p  < 0.05). 
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Figure 3.14 Mean biomass (dry weight g.m
-2, 
+SE, n = 5) of Nereis at BwP and BwC 
between autumn 2008 and spring 2009 (* = significant difference between biomass, 
Kruskal-Wallis p = < 0.05). 
 
 
 
At BwP there were high densities of Hydrobia ulvae, and Capitella sp., but at BwC low 
densities of H. ulvae, and an absence of Capitella sp. (Figure 3.15). M. balthica was 
present at both sites, however, at BwP a reduction in densities in winter and spring was 
observed. 
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Figure 3.15 Mean densities (+SE, n= 5) of taxa at BwP and BwC in the autumn, winter 
and spring 2009. 
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3.4.4.2 Isotopic signatures of Nereis  
Figure 3.16 shows the seasonal variations in the δ15N and δ13C signatures of Nereis in 
the polluted and clean sites on the Blackwater. Throughout the seasons, the signatures 
of Nereis at BwP were always higher in δ 15N and lower δ13C than at BwC. At BwP 
there was a significant increase in both δ15N (ANOVA: F = 92.56, p = < 0.0001) and 
δ13C (ANOVA: F = 9.14, p = 0.006) in the winter. At BwC, there was no significant 
change in either δ15N (ANOVA: F = 2.25, p = 0.160) and δ13C (ANOVA: F = 3.70, p = 
0.062).  
 
 
Figure 3.16 Seasonal variations in mean δ15N and δ13C (‰) of Nereis (± St. Dev, n = 3) 
at BwP and BwC. 
 
3.4.4.3 Estimations of diets 
Figure 3.17 and 3.18 show the dual isotope graphs for BwP and BwC between autumn 
2008 and summer 2009 and Table 3.6 presents the results of the SIAR mixing models. 
At BwP Nereis was deposit feeding throughout the year predominantly on Spartina sp. 
and on Ulva sp which formed extensive mats there.  Ulva sp. at BwP was more enriched 
in δ15N, (14.52 - 18.38 ‰) than at BwC (12.64 - 13.76 ‰) where Ulva sp. was not an 
important food source. POM was not as important to Nereis at BwP (6 - 30 %), whereas 
it was at BwC (14 – 37 %). 
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At BwP in the autumn Nereis were collected from the mudflat at the edge of the small 
channel which led from the discharge point. In the winter it was difficult to find Nereis 
here and they were collected approximately four meters away where the sediments were 
less anoxic. This area was subsequently used for sampling Nereis. There was a shift in 
Nereis isotopic signatures between the autumn and winter, with enrichment of δ15N 
from 13.76 ‰ to 18.62 ‰, and of δ13C from -17.19‰ to -16.83 ‰ (Figure 3.16, section 
3.4.4.2). These changes indicate a temporal shift in diets. Mats of the macroalga Ulva 
sp. were present on the mudflats at BwP throughout the year. In the autumn Ulva sp. 
and Spartina sp. had low estimated median dietary contributions of 20 % and 14 %, 
respectively but in the winter, spring and summer the contribution of Ulva sp., and to a 
slightly lesser extent Spartina sp, increased. Only in the autumn were POM and SOM 
important, with median contributions of 30 % and 33 % respectively, as from the winter 
onwards median values were between 6 to 19 % for POM and 15 – 17 % for SOM. 
MPB was not as important a source in the winter and spring (18 % and 19 % 
respectively) compared to Ulva sp and Spartina sp. 
At BwC Nereis had similar δ13C signatures to Spartina sp. throughout the year, and in 
winter (38 %), spring (33 %) and summer (35 %) Spartina sp was the most important 
food source.  At BwC Ulva sp. only occurred in small patches and was not an important 
food source. POM was estimated to be more important with 37% and 28 % 
contributions in the autumn and spring respectively. 
Salicornia sp. was not included in the SIAR model because (a) the data for the Crouch 
estuary had shown that Salicornia sp. with such depleted δ13C values was not an 
important food source and (b) it was < 12 ‰ depleted in δ13C relative to Nereis at the 
Blackwater. 
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Figure 3.17 Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources sampled at the Blackwater  
polluted (BwP) site. 
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Figure  3.18  Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources sampled at the Blackwater  
clean (BwC) site. 
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Table 3.6 Results from the SIAR mixing model for the Blackwater estuary. Bold 
median values indicate the most important dietary source predicted for Nereis. † = a 
source not present/not sufficiently present, * = a source sampled, but excluded from the 
model. 
Season Sources Polluted  Clean 
  Median (95
th
 % CI)  Median (95
th
 % CI) 
       
       
Autumn 2008 POM 30 (20 – 40)  37 (28 – 51) 
 SOM 33 (27 – 40)  31 (5 – 46) 
 Ulva sp. 20 (9 – 28)  † † 
 Spartina sp. 14 (9- 15)  29 (15 – 38) 
 Salicornia sp. * *  * * 
       
       
Winter 2009 POM 9 (10 – 16)  18 (1 – 19) 
 SOM 15 (2 – 17)  20 (1 – 21) 
 Ulva sp. 24 (16 – 33)  16 (1 – 17) 
 MPB 18 (10 – 27)  † † 
 Spartina sp. 31 (26 – 36)  38 (20 – 66) 
 Salicornia sp. * *  * * 
       
       
Spring 2009 POM 6 (0 – 7)  28 (19 – 38) 
 SOM 17 (11 – 24)  18 (9 -25) 
 MPB 19 (8 – 28)  † † 
 Ulva sp. 38 (23 -47)  20 (12 – 29) 
 Spartina sp. 15 (1 – 16)  † † 
 Spartina sp. (dead) † †  33 (26 – 41) 
 Salicornia sp. † †  * * 
       
       
Summer 2009 POM 19 (7 – 25)  14 (1 – 15) 
 SOM 16 (3 – 19)  19 (3 – 23) 
 Ulva sp. 35 (26 – 43)  26 (18 – 40) 
 Spartina sp. 27 (19 – 39)  35 (24- 45) 
 Salicornia sp. † †  * * 
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3.4.5 ORWELL ESTUARY 
3.4.5.1 Macrofauna data 
Figure 3.19a 3.19b, and 3.20 shows the mean densities, size-frequency distributions and 
mean biomass for Nereis during the autumn and winter (samples from spring 2009 were 
lost). In the autumn the populations at Or-P and Or-C had similar densities and size-
distributions but the biomass was greater at Or-P. In the winter at OrP there were 
significantly higher densities and mean biomass than at Or-C. The higher biomass at 
OrP in the winter was due to very high densities of small worms (Length L3 < 0.90 mm, 
n = 87). 
 
(a)     (b) 
Figure 3.19 (a) Mean densities (+SE, n = 5) and (b) length L3 (mm) frequency (number 
of individuals) histograms of Nereis sampled at Or-P (Polluted) and Or-C (Clean) sites 
on the Orwell estuary (* = significant difference between densities, ANOVA p  < 0.05). 
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.  
Figure 3.20 Mean biomass (dry weight g.m
-2, 
+SE, n = 5) of Nereis sampled at OrP and 
OrC in the autumn 2008 and winter 2009 (* = significant difference between biomass, 
Kruskal-Wallis p = < 0.05; ** = significant difference between biomass, Kruskal-Wallis 
p = < 0.01). 
 
Figure 3.21 shows the mean densities of other key taxa from OrP and OrC in the 
autumn and winter. High densities of Corophium volutator were present at OrP in the 
autumn, but had significantly declined in winter, and this species was not observed in 
either season at OrC. M. balthica and H. ulvae were present at both sites, with 
significantly higher densities of H. ulvae at OrP. The polychaete Capitella sp. was not 
present at OrC, but was in high densities at the polluted site. 
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Figure 3.21 Mean densities (+SE, n= 5) of other invertebrates sampled at OrP and OrC 
in the autumn and winter 2009. 
 
 
3.4.5.2 Isotopic signatures of Nereis 
At Or-P there was a significant decrease in mean δ15N (ANOVA F = 37.11, p = < 
0.0001) and δ13C (ANOVA F = 15.46, p = 0.001) of Nereis during the sampling period 
(Figure 3.22). However, at Or-C, no such trend occurred and with no significant change 
in δ15N (Kruskal-Wallis H = 4.44, p = 0.218), and little variation in δ13C (Kruskal – 
Wallis H = 7.82, p = 0.05). Throughout the year, δ15N and δ13C signatures of Nereis 
were always higher in the clean sites, than in the polluted site. 
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Figure 3.22 Seasonal variation in mean and δ15N and δ13C (‰) of Nereis (± St. Dev, n 
= 3) at OrP and OrC. 
 
3.4.5.3 Estimations of diets 
Figure 3.23 and 3.24 shows the dual isotope plots for OrP and OrC sampled between 
summer 2008 and spring 2009 and Table 3.7 the results of the SIAR mixing models. At 
the polluted OrP site Nereis was mainly deposit feeding on SOM (35 – 41%) throughout 
the year. At the putative clean site Nereis was also feeding on the sediment surface, but 
mostly upon the macrolga Ulva sp. (35 – 56%) and Spartina sp.(29 – 37%).  
At OrP Ulva sp. was present throughout the year on the estuary banks, but was not 
estimated to be an important source overall, with median values ranging between only 9 
and 23 ‰ At OrP there was large variation in δ15N values for Ulva sp. with a minimum 
reported in winter (5.28 ± 1.13 ‰) and a maximum in the spring (12.94 ± 2.30 ‰). 
Although there was a significant seasonal variation in isotopic signatures of Nereis at 
OrP (section 3.4.5.2) with a decrease in both δ15N and δ13C over time, SOM was always 
an important source for Nereis. However, in the summer POM was also predicted to be 
important for Nereis (34 %) and in the autumn SIAR was unable to identify an overall 
dominant source and all four sources had overlapping 95% CI with similar median 
values of: 22 % (SOM), 24 % (POM), 23 % (Ulva sp.) and 32 % (Spartina sp.).  The 
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saltmarsh area at OrP was small and Spartina sp. which was only present as clumps on 
the banks of the estuary was not a major contributor to Nereis’ diet in any season. 
Salicornia sp. which was also patchy in its distribution on the foreshore was excluded 
from the SIAR models, because it had very depleted (< 10 ‰) δ13C values relative to 
Nereis. 
Initial examination of Nereis isotope values in section 3.4.2 and 3.4.5.2 had revealed 
more enriched δ15N signatures at the presumed clean site compared to those sampled at 
OrP throughout the year. At OrC there were mats of Ulva sp. on the banks of the creeks 
in the sampled marsh and out on the main estuary banks of the Orwell. The presence of 
Ulva sp. and in particular the extensive mats on the estuary banks suggested a local 
source of organic enrichment at the site (see section 3.2), The isotope signatures in 
figure 3.24 shows that the enriched nitrogen values reported for Nereis may be because 
it was grazing on Ulva sp, as it is the primary producer at the site with the highest δ15N 
values. The results from the SIAR mixing models indicate that Ulva sp. was an 
important source throughout the year compared to POM and SOM. However, Spartina 
sp. which was included in the model in summer and autumn also had high median 
contributions (29 and 27 %). This source sampled in the winter and spring was not 
analysed and it, therefore, cannot be excluded as a potential important source for Nereis 
at OrC. Because of the difference in habitat types at OrP and OrC, and the differences in 
Nereis signatures between the two sites which was not expected; in spring 2009 the 
main banks of the estuary at OrC was also sampled for Nereis and potential food 
sources. The substrata here were similar to OrP and less muddy than at the OrC station 
which lay further up into the marsh (pers. obs.). The results of a separate SIAR mixing 
model also confirmed that Ulva sp. on the banks of the estuary was a dominant source 
with 52 % contribution. There was no significant difference between Nereis δ15N (One-
way ANOVA, F = 0.05, p = 0.83) and δ13C (One-way ANOVA, F = 1.87, p = 0.24) 
signatures sampled from the marsh and the estuary bank. However, the δ 13C values of 
Ulva sp. were significantly more enriched at the estuary bank than the marsh (One-Way 
ANOVA, F = 24.93, p = 0.008) which may have been due to its longer exposure to the 
marine waters flooding the main bank of the estuary. 
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Figure 3.23  Mean (± SD, n = 3) stable isotope signatures (δ13C ‰ and δ15N ‰) of Nereis and potential food sources sampled seasonally at the Orwell 
polluted site (OrP) between summer 2008 and spring 2009. 
114 
 
 
Figure 3.24 Mean (± SD, n = 3) stable isotope signatures (δ13C ‰ and δ15N ‰) of Nereis and potential food sources sampled seasonally at the Orwell 
clean site (OrC) between summer 2008 and spring 2009. 
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Table 3.7 Results from the SIAR mixing model for the Orwell estuary. Bold median 
values indicate the most important dietary sources predicted for Nereis. † = a source not 
present/not sufficiently present, * = a source sampled, but excluded from the model. x = 
a source sampled, but not processed. Autumn 2008 (polluted) = inconclusive SIAR 
results. 
  
Season Sources Polluted  Clean 
  Median (95
th
 % CI)  Median (95
th
 % CI) 
       
Summer 2008 POM 34 (27 - 41)  16 (1 – 18) 
 SOM 35 (30 – 42)  18 (5 – 25) 
 Ulva sp. 19 (11 – 27)  35 (26 – 44) 
 Spartina sp. 11 (3 – 14)  29 (22 – 38) 
       
       
Autumn 2008 POM 23 (14 – 34)  11 (0 – 12) 
 SOM 22 (14- 31)  12 (1 – 13) 
 Ulva sp. 23 (13 – 33)  36 (25 – 47) 
 Spartina sp. 32 (25 – 40)  37 (32 – 46) 
       
       
Winter 2009 POM 19 (2 – 22)  32 (21 – 48) 
 SOM 41 (28 – 53)  9 (1 – 10) 
 Ulva sp. 15 (1 – 17)  56 (41 – 69) 
 Spartina sp. 19 (1 – 31)  x x 
       
       
Spring 2009 POM 26 (3 – 38)  29 (21 – 41) 
 SOM 41 (19– 51)  19 (1 – 21) 
 Ulva sp. 9 (0 – 9)  47 (42 – 56) 
 Spartina sp. 12 (1 – 12)  x x 
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3.4.6 DEBEN ESTUARY 
3.4.6.1 Macrofauna data 
There were no significant differences between the mean densities at DeP and DeC in the 
autumn and winter (Figure 3.25a). However, the significantly higher biomass at DeC in 
these seasons was due to more large worms present (Figure 3.25b & 3.26). In the spring 
there were significantly higher densities at DeP. This difference was due to a large 
increase in smaller worms present (L3 0.50 - 1.30 mm) at DeP, which also resulted in a 
significantly higher mean biomass at this site.  
(a) (b) 
Figure 3.25 Mean densities (+SE, n= 5) and length L3 (mm) frequency (number of 
individuals) histograms of Nereis sampled at De-P (Polluted) and De-C (Clean) sites on 
the Deben estuary. 
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Figure 3.26 Mean biomass (dry weight g.m
-2, 
+SE, n = 5) of Nereis sampled at De-P 
and De-C between the autumn 2008 and spring 2009 (* = significant difference between 
biomass, ANOVA p = < 0.05; ** = significant difference between biomass, ANOVA p 
= < 0.01). 
 
 
Figure 3.27 shows the mean densities of other key taxa also sampled at DeP and DeC 
between the autumn and spring 2009. Capitella sp. was present in high densities at DeP, 
but was absent from the clean site. Higher densities of C. volutator and H. ulvae were 
present at DeP than at DeC, and with an increase in C. volutator in the spring. M. 
balthica was present at both sites, but with higher densities at DeC. 
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Figure 3.27 Mean densities (+SE, n= 5) of other invertebrates sampled at DeP and DeC 
in the autumn, winter and spring 2009. 
 
 
3.4.6.2 Isotopic signatures of Nereis 
For both the polluted and clean site in the Deben, there was a temporal change in mean 
δ15N and δ13C signatures of Nereis (Figure 3.28). At DeP there was a significant 
decrease in both δ15N (ANOVA F = 278.92, p = < 0.0001) and δ13C (ANOVA F = 
119.66, p = < 0.0001). At DeC there was a significant change over time in δ15N 
(ANOVA F = 7.88, p = 0.009) and δ13C (ANOVA F = 59.11, p = < 0.0001), but with no 
obvious temporal pattern. Throughout the year there were always higher δ15N, and 
lower δ13C values at the polluted site than the clean site. 
119 
 
 
Figure 3.28 Seasonal variation in mean and δ15N and δ13C (‰) of Nereis (± St. Dev, n 
= 3) at DeP and DeC. 
 
 
3.4.6.3 Dietary estimations 
Figure 3.29 and 3.30 show the isotope plots for DeP and DeC, and Table 3.8 the output 
from the SIAR mixing models. At the polluted site (DeP) Nereis was estimated to be 
mainly deposit feeding on SOM between the autumn and spring (33 – 43 %). At DeC, 
Nereis was estimated to be also deposit feeding, but on a more varied diet of Spartina sp 
(summer), SOM (winter) and MPB (spring).   
 
The DeP site was a mudflat near the discharge, fronting a narrow band of Spartina sp. 
with MPB present most of the year and Ulva sp. sometimes present as thick mats on the 
upper shore. In the summer Nereis was enriched in δ 15N (< 11 ‰) compared to POM 
and SOM, and depleted in δ 13C (< 6 ‰) compared to Ulva sp. and Spartina sp. When 
all four sources were included in the model it predicted similar median % contribution 
for each source (23 – 26%, not shown in Table 3.8). Spartina sp. and Ulva sp. were then 
excluded from the model and SIAR subsequently predicted 57 % for SOM and 42 % for 
POM, a result which was not conclusive as they had overlapping CI ranges. Therefore, 
in the summer Nereis would have been supported by another, un-sampled source and it 
is likely here that it was feeding as a secondary consumer. By the autumn the reduction 
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in δ15N of Nereis meant it was closer to the primary sources sampled at the site, 
however was still depleted in δ13C relative to Ulva sp. and Spartina sp. POM and SOM 
were both estimated to be important, but the higher δ15N values for SOM makes it the 
most likely dominant source for Nereis than POM; and a similar result to this was also 
reported in the winter. In the spring C. volutator was found and it had similar δ15N 
values to Nereis indicating that it was at the same trophic level, although its δ13C values 
were more enriched. SIAR mixing models were performed for both species (results for 
C. volutator not listed in Table 3.8). Nereis was mainly feeding on SOM (38 %) and 
Ulva sp. (27 %). However, C. volutator was feeding more on Ulva sp. (35 %) and on 
MPB (31 %). POM was also not important for C. volutator in these seasons (11 %). In 
summary Nereis was mainly feeding on SOM in the autumn and winter, but in the 
spring Ulva sp. was also important. There is also the possibility that in the summer it 
was feeding as a predator because of its highly enriched δ15N values and a likely source 
may be C. volutator due to its signatures reported from the spring.  
 
At DeC the sampled sources, SOM, Spartina sp. and Ulva sp. all had lower δ15N values 
that those recorded at DeP. The marsh at DeC covered a much larger area than the small 
fringing area of marsh in front of the seawall at DeP. Unlike at DeP, at DeC Spartina 
sp. was important for Nereis, but in the summer and autumn only. At DeC the δ15N 
values of POM were closer to the values of Nereis that at DeP, but it was not predicted 
to be overall the most important source. The results from the model in the autumn were 
inconclusive. It predicted almost equal contributions from POM, SOM and Spartina sp., 
but examination of the dual plot in Figure 3.30 indicates that POM may be the main 
source. MPB was only sufficiently present so to be sampled in the winter and spring. In 
the winter MPB was not important, but by the spring there was an increase in its relative 
proportion from 14 to 26 %. Ulva sp. in the spring was a major source with a 23% 
contribution. Examination of the dual plots and results from the SIAR models 
estimations reveal that Nereis at DeC was supported by a mixture of POM, Spartina sp., 
Ulva sp. and MPB, where the proportions of each source fluctuated seasonally.  
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Figure 3.29  Mean (± SD, n = 3) stable isotope signatures (δ13C ‰ and δ15N ‰) of Nereis and potential food sources sampled seasonally at the Deben 
polluted site (DeP) between summer 2008 and spring 2009. 
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Figure 3.30 Mean (± SD, n = 3) stable isotope signatures (δ13C ‰ and δ15N ‰) of Nereis and potential food sources sampled seasonally at the Deben 
clean site (DeC) between summer 2008 and spring 2009. 
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Table 3.8 Results from the SIAR mixing model for the Deben estuary. Bold median 
values indicate the most important dietary source predicted for Nereis. † = a source not 
present/not sufficiently present, * = a source sampled, but excluded from the model. 
Summer (polluted site) and autumn (clean site) = inconclusive SIAR results. 
Season Sources Polluted  Clean 
     
  Median (95
th
 % CI)  Median (95
th
 % CI) 
       
Summer 2008 POM 43 (25 – 60)  29 (21 - 44) 
 SOM 57 (40 - 75)  18 (2 - 20) 
 Ulva sp. * *  † † 
 Spartina sp. * *  53 (47 – 61) 
       
       
Autumn 2008 POM 29 (28 – 35)  33 (24 – 45) 
 SOM   33 (29 – 36)  30 (23 – 38) 
 MPB 22 (20 – 29)  † † 
 Ulva sp. 16 (5 – 13)  † † 
 Spartina sp. * *  37 (31 – 44) 
       
       
Winter 2009 POM 37 (27 – 49)  23 (16 – 32) 
 SOM 43 (33 – 54)  27 (21 – 34) 
 MPB 18 (10 – 24)  14 (1 – 15) 
 Ulva sp. † †  21 (13 – 30) 
 Spartina sp. * *  13 (5 – 17) 
       
       
Spring 2009 POM 17 (8 – 24)  18 (7 – 26) 
 SOM 38 (24 – 48)  14 (1 – 15) 
 MPB 13 (0 – 14)  26 (18 – 34) 
 Ulva sp. 27 (21 – 37)  23 (17- 32) 
 Spartina sp. * *  17 (5 – 22) 
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3.4.7 ESTUARY COMPARISONS 
 
3.4.7.1  Nereis population structure 
There were spatial and temporal variations in the population structure of Nereis across 
the four estuaries sampled in SE England, with differences in densities, biomass and 
size distributions.  
Table 3.9 summarises the differences in mean densities and biomass between the 
polluted and clean sites. Higher Nereis densities were reported overall from the Deben 
and the Orwell, and the lowest were for the Blackwater estuary. There was not a general 
pattern of significantly higher mean densities and biomass in the polluted compared to 
the respective clean sites for each estuary. In the autumn within all four estuaries there 
was no significant difference in densities between the polluted and clean sites, however, 
three of the four estuaries had higher densities at the polluted site. In the spring there 
were higher mean densities and biomass for the polluted Crouch, Blackwater and Deben 
sites, and these were significantly higher (with the exception of the Blackwater). There 
was an increase in densities recorded in the spring for all sites (except the Orwell where 
samples were missing). The highest mean biomass was recorded in the winter 2009 at 
the polluted Orwell site and this was up to five times greater than the biomass for the 
other estuaries during that season.  
Table 3.10 summarises the differences in population size structure across the four 
estuaries. The Orwell and Deben were composed of mainly smaller worms, having 
lower mean L3 size ranges (Orwell, 1.01 to 1.15 mm and Deben, 0.74 to 1.06 mm), 
compared to the Crouch (0.97- 2.30 mm) and the Blackwater (1.36 – 1.66 mm) across 
the three seasons. There was no clear difference in mean L3 sizes between the polluted 
and clean sites at the Blackwater and Orwell. However, in the Crouch, and to a lesser 
extent the Deben, worms from the polluted sites had a lower mean L3 than their 
respective clean sites.  
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Table 3.9 Summary table for Nereis population structure, listing (a) the densities (no.m
-
2
) and (b) the biomass (dry weight g.m
-2
) for each site and season. The sites in bold are 
those statistically significantly greater than their respective sites, at p < 0.05). 
           
 
a) 
 
  
Autumn 2008 
   
Winter 2009 
   
Spring 2009 
          
POLLUTED Crouch  1989.40   2466.90   3063.70 
Blackwater  925.12   0.00   1631.50 
Orwell  4058.40   7798.40   ----- 
Deben  2904.52   2745.37   8952.30 
          
CLEAN Crouch  1074.28   39.78   0.00 
 Blackwater  716.18   238.73   1352.79 
 Orwell  3421.77   4496.04   ----- 
 Deben  3183.04   3183.04   2785.16 
 
b) 
 
  
Autumn 2008 
   
Winter 2009 
   
Spring 2009 
          
POLLUTED Crouch  11.98   9.47   21.13 
 Blackwater  8.66   0.00   38.52 
 Orwell  24.25   53.73   ----- 
 Deben  8.91   5.18   25.95 
          
CLEAN Crouch  21.75   2.73   4.00 
 Blackwater  10.32   9.25   26.13 
 Orwell  7.47   9.14   ----- 
 Deben  13.15   15.94   9.00 
 
 
Table 3.10 The mean L3 (mm) for Nereis from each site and season (calculated from 
Dales (1951)) bold values = a site with the higher mean L3 value (polluted vs clean) for 
each estuary and season. 
 
 
 
  
Autumn 2008 
   
Winter 2009 
   
Spring 2009 
 
 
 
        
POLLUTED Crouch  0.97   1.04   1.17 
 Blackwater  1.36   ---   1.63 
 Orwell  1.03   1.05   ---- 
 Deben  0.94   0.74   1.04 
          
CLEAN Crouch  1.33   1.90   2.3 
 Blackwater  1.37   1.66   1.44 
 Orwell  1.01   1.15   ---- 
 Deben  1.06   1.08   0.97 
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3.4.7.2  Diet and feeding behaviour 
Table 3.11 summarises the results of the SIAR mixing models for all eight sites for each 
season between spring 2008 and summer 2009. Based on the SIAR model estimations, 
suspension feeding behaviour by Nereis was important at the polluted site on the 
Blackwater and Orwell, but was more important at the clean sites of the Crouch, 
Blackwater and Deben. Overall Nereis was mainly deposit feeding and grazing on the 
sediment surface where SOM, Ulva sp, Spartina sp. were often important. Spartina sp. 
which was present at all sites was mainly important at the clean locations and was only 
an important source at the polluted site on the Blackwater. Ulva sp. was important at the 
Crouch and Blackwater polluted sites, but also throughout the year at the presumed 
clean site on the Orwell. SOM was frequently estimated to be a main source for Nereis 
at the polluted sites of the Orwell and Deben. MPB was often not visible on the surface 
sediments to be sampled for SIA. However, it was an important source throughout the 
year at the Crouch polluted site. Additionally, at the Crouch polluted site, the high δ15N 
values for Nereis relative to the sampled primary sources meant it also was feeding as a 
secondary consumer, and possibly a predator of C. volutator. This may also be 
occurring at the polluted site on the Deben in the summer where the very high δ15N 
Nereis values relative to the basal sources meant that the model could not predict a 
likely source based on the primary producers sampled. The model was also unable to 
predict with confidence the most important source in the autumn for OrP and DeC. The 
lack of a clear overall source in the autumn was because of the Nereis signatures 
relative to the sampled sources were intermediate to all sources, and it may be feeding 
on a combination of all in undeterminable proportions. 
The results from this study do not reveal any obvious seasonal pattern in feeding by 
Nereis. There was a significant seasonal change in δ15N and δ13C signatures of Nereis 
for all four polluted sites, whereas at the clean sites it was only significant at the Crouch 
(δ13C) and at the Deben (δ15N and δ13C) (Table 3.11). However, these significant 
changes in signatures at the polluted sites did not always result in a switch in diet. At 
the Orwell polluted site, SOM was one of the main sources throughout the sampling 
period for Nereis even though there was a significant reduction in δ15N and δ13C of 
Nereis.  
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Table 3.11 Summary table from the SIAR mixing models identifying Nereis‟s main feeding behaviour at polluted and clean sites in SE England based 
on the SIAR results.   Key: POM = suspended particulate organic matter, SOM = sedimentary organic matter, MPB = microphytobenthos, Ulv = Ulva 
sp., Spa = Spartina sp., Spa(d) = Spartina sp. (dead standing), CV = C. volutator. †† = SIAR unable to identify a dominant source.  
 
ESTUARY 
 
Site 
 
Seasonal change in 
 Nereis isotope values 
 
 
MAJOR SOURCES IDENTIFIED FROM SIAR 
 
 
Main Feeding mode 
  δ 15N δ 13C Spring 08 Summer 08 Autumn 08 Winter 09 Spring 09 Summer 09  
           
POLLUTED           
           
Crouch CrP Yes Yes Ulv, CV CV, MPB MPB Ulv, MPB CV ----- Deposit/grazer/carnivore 
           
Blackwater BwP Yes Yes ----- ----- SOM, POM Spa, Ulv Ulv Ulv, Spa Deposit/grazer 
           
Orwell OrP Yes Yes ----- SOM, POM †† SOM SOM ----- Deposit 
           
Deben DeP Yes Yes ----- †† SOM SOM SOM, Ulv ----- Deposit 
           
      
CLEAN           
           
Crouch CrC No Yes POM, Spa Spa, Ulv Spa, POM Spa, POM POM, Spa ----- Suspension/deposit 
           
Blackwater BwC No No ----- ----- POM Spa Spa(d), POM Spa, Ulv Suspension/deposit 
           
Orwell OrC No No ----- Ulv, Spa Ulv, Spa Ulv Ulv ----- Deposit/grazing 
           
Deben DeC Yes Yes ----- Spa, POM †† SOM,POM MPB,Ulv ----- Deposit/suspension 
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3.5 DISCUSSION 
This study explored large scale spatial patterns, and particularly the effects of sewage 
pollution on the diet and feeding behaviour of Nereis in four estuaries in SE England 
The hypothesis was that Nereis would mainly surface deposit feed in polluted sites and 
rely more on suspension feeding in presumed cleaner sites. The data provided some 
support for this hypothesis, but there was other variability between sites. Nereis was 
predominantly deposit feeding, and relied mainly on Ulva sp., sediment (SOM), and in 
some locations on detritus of Spartina sp and predation on C volutator. The Ulva and 
SOM were enriched with 
15
N indicating a positive effect of the pollution increasing 
productivity and this may be responsible for generally higher biomass of Nereis near 
pollution sources. There was a greater emphasis on suspension feeding in the cleaner 
sites in the Crouch and Blackwater. The results of the study have confirmed Nereis as 
an opportunistic omnivore, but because of the wide variation in its feeding behaviour 
and the scale of this study, relating its feeding behaviour directly to the impact of 
sewage inputs is not straightforward. 
 
3.5.1 Selection of study sites 
 
The intention of this study was to relate diets and feeding behaviour of Nereis in areas 
directly impacted by sewage inputs and sites presumed to be unaffected. However, there 
were limitations in selecting such sites for this study, not least since the data showed 
evidence of enrichment even in sites receiving water directly from the North Sea on the 
flood tide. 
 
3.5.1.1 Polluted sites 
The polluted sites were chosen if they were at, or immediately downstream of, sewage 
discharges from large STWs. The Orwell has historically suffered from sewage 
pollution, as prior to 1995 the Cliff Quay STW was discharging untreated sewage into 
the estuary. However, since the improvements at the STW in 2000, the biochemical 
oxygen demand (BOD) fell from 1.30 to 1.04 mg.l
-1
 and the quality of the estuary has 
now improved from „Poor‟ (1990) to „Good or Fair‟ (2003) (Armitage et al., 2003; 
Environment Agency, 2008). European Union Directives such as the EU Water Frame 
Work Directive (2000/60/EC), translated into UK legislation is driving improvements in 
the chemical and biological status of estuaries. Therefore, the environmental quality of 
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estuaries in this region may be expected to continue to improve in light of the increasing 
regulations. 
 
3.5.1.2 Clean sites 
There was difficulty in identifying areas that can be assigned as clean reference 
sampling sites as there are rarely pristine estuarine areas present due to historic 
pressures from pollution, development and changes in land use (Raffaelli, 1999). It was 
evident from the δ 15N signatures of Spartina sp. Ulva sp. and Nereis and the nitrate 
concentrations of the surface waters relative to OrP that the putative clean site at 
Shotley Church on the Orwell (OrC) was enriched. This enrichment was from the 
Shotley village STW (not evident on maps and aerial photographs) and that these 
discharges may have promoted the growth of Ulva sp. which was supporting Nereis at 
the site. Since the improvements at Cliff Quay, the relative influence that the discharges 
from Shotley have on the lower estuary, has increased (Royal Haskoning, 2009). 
 
All four estuaries are similar, being arable with towns at their head. The Crouch and 
Blackwater estuaries are largely rural, and undeveloped, but both have towns at their 
head (South Woodham Ferrers and Maldon respectively). Much of the Deben has only 
been modified under agricultural land-claim (Hill et al., 1996) and it has Woodbridge at 
its head. Thus it is possible that the estuaries studied will also be subject to diffuse 
sources of pollution from agricultural fertiliser run-off. These sources are less easily 
monitored than the point-sources of inputs from STW discharges, and may have also 
promoted nutrient enrichment and benthic algal productivity (Carlier et al., 2008). At 
CrC (Holliwell point) on the outer region of the Crouch estuary, Ulva sp. was very 
abundant on the upper shore and in the summer months it was predicted to be an 
important food of Nereis. Run-off from fertilisers may be influencing the growth of 
Ulva sp. at this site; however, there are two discharges points north, along the coast at 
the Degnie Flats that may have impacted CrC at the mouth of the Crouch. 
 
3.5.1.3  Comparisons of sites and estuaries 
With the exception of the Orwell, the pairs of sites selected from each estuary were 
confirmed as subject to different levels of enrichment based upon the differences in 
water nitrate concentrations and the isotopic nitrogen signatures of the sediment and 
Spartina sp. (Figure 3.3). The use of δ15N signatures is a useful and sensitive tool in 
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mapping the impacts and spatial distribution of sewage in water bodies (Costanzo et al., 
2001). Castro et al., (2007) used δ15N signatures of macrophytes (including Spartina 
maritima) to show differences in nitrogen loading between two Portuguese estuaries. 
The δ15N values of SOM and Spartina sp. from the polluted sites from this study were 
up to + 4 ‰ and + 9 ‰ more enriched than the clean sites, respectively (excluding data 
from the Orwell). This difference is similar to that found by Carlier et al., (2008) who 
reported enriched values of + 7 to +10 ‰ for SOM, from a study that compared lagoons 
subject to different levels of enrichment. 
 
Excluding the Orwell data, the polluted sites had pooled seasonal mean δ15N Nereis 
signatures ranging between 17.20 to 20.24 ‰, while the clean sites were between 10.70 
to 11.04 ‰. The δ15N signatures of Nereis from those polluted sites were, therefore, 
enriched by between + 6 and + 10 ‰, relative to their respective clean sites, and are 
similar to the + 9 ‰ enrichment value reported for Nereis comparing a eutrophic and a 
clean lagoon (Carlier et al., 2008).  Nithart (2000) conducted a large spatial study of 
Nereis from 16 UK estuaries and found higher δ15N  values for Nereis from the more 
impacted eastern estuaries (13 - 18 ‰) than from the western sites (11 – 13 ‰). 
However, unlike this investigation, Nithart‟s study did not take into account temporal 
variations, and did not include potential food sources of Nereis.  
 
All of the polluted sites had mean δ13C values for Nereis that were more depleted (-
21.65 to -16.96 ‰), than their respective clean sites (-16.51 to -14.23 ‰) (pooled values 
for all seasons). There were other spatial differences in sites as the polluted sites at the 
heads of the estuaries would be subject to more riverine inputs, whereas the clean sites 
near the mouth of the estuary should be less directly affected. With increasing marine 
influence there is a trend of increasing δ13C values for Nereis (Nithart, 2000; Doi, et al., 
2005).  
 
It is difficult to draw conclusions based on comparisons of different estuaries as no two 
estuaries are alike (Raffaelli, 1999). The four estuaries used in this study differed in 
size, hydrography, and the degree of human impact. This investigation did not aim to 
classify the feeding behaviour of Nereis of each estuary, but to attempt to encompass a 
large scale study of feeding behaviour across this region. Another approach would have 
been to conduct transects along a single estuary to identify important sources for Nereis 
across an estuarine gradient. This approach would have included the influence of a 
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variety of changing environmental conditions, and has been proven to be an informative 
means to characterising the spatial shifts in estuarine food sources using stable isotopes 
(Riera, 1998; Doi et al., 2005; Yokoyami & Ishihi, 2007). However, as there was a 
requirement for replication of putative polluted and clean sites, a few estuaries were 
required. 
 
3.5.2 Spatial patterns in diet and feeding behaviour  
3.5.2.1 Deposit feeding  
With the exception of the Orwell sites, the δ15N of SOM from the polluted sites had a 
similar shift in enrichment of approximately +4‰ relative to the clean sites. The clean 
sites had pooled seasonal δ15N values of between 7.49 and 8.98 ‰, and the polluted 
sites had values between 11.02 to 12.45 ‰. The two Orwell sites had similar values of 
8.46 ‰ (OrC) and 8.72 ‰ (OrP), and both values were within the range for the clean 
sites in the other three estuaries. The δ15N SOM values from the polluted sites are 
similar to values reported for SOM from a sewage impacted estuary (13 ‰ (Hadwen & 
Arthingon, 2007), but are heavier from other, similar studies: 4.4 - 6.2 ‰ (Castro et al., 
2007) and 10.5 ‰ (Carlier et al., 2008). 
SOM was often important in the diet of Nereis at OrP and DeP, but only in the winter at 
the DeC site. The SOM samples would have been a mixture of organic carbon from 
difference sources (salt marsh detritus, benthic diatoms and algae, bacteria, deposited 
phytoplankton and from the sewage outfalls), thus it may be difficult to quantify any 
selectivity of Nereis feeding on this bulk source. As the aim was to reveal whether 
Nereis is deposit feeding or suspension feeding at these sites, the degree of selectivity in 
its deposit feeding behaviour is not central to this study. The SOM samples were taken 
from areas without both a visible benthic diatom film and Ulva sp, samples of which 
were analysed separately, but any detritus (e.g. plant material) in the sediments would 
not have been excluded (the importance of marsh detritus for the diet of Nereis is  
discussed later (section 3.5.2.3).  
The presence of large mats of Ulva sp. on the sediment surface is an indicator of local 
nutrient enrichment (Raffaelli, 1999), and this was evident at the polluted sites on the 
Blackwater, Orwell and Deben where large areas of mats covered the surface sediments. 
The δ15N signatures of Ulva sp. were more enriched at the polluted sites compared with 
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the clean for the Crouch (< +6 ‰), Blackwater (< +5 ‰) and Deben (< +7 ‰) estuaries, 
providing further evidence of nutrient enrichment from artificial sources. Algal mats 
were also present at the putative clean sites in the Orwell and the Crouch, and as 
discussed above (section 3.5.1.2), the presence of these mats may be due to smaller 
sources of enrichment organic including from agricultural run-off and sewage 
discharges. Ulva sp. was an important food source for Nereis in these estuaries, even at 
the Crouch clean site Ulva sp. was present throughout the year, and showed an increase 
in δ15N values during the summer, when it was an important food source for Nereis. The 
variation in the nitrogen signatures of Ulva sp. can be determined by seasonal changes, 
with an increase in algal productivity and nitrogen uptake in warmer conditions 
(Constazo et al., 2001). 
 
Ulva sp. is a more attractive food source than fucoid algae (Nordström, et al., 2006) and 
easier to digest than salt marsh plants (Olivier et al., 1996). However, excessive algal 
growth from nutrient enrichment can also have deleterious effects (Raffaelli, 1999) by 
smothering infauna and leading to deoxygenation of the sediment. At BwP near the 
Maldon STW, there were extensive mats of Ulva sp. (Figure 3.31) and the sediment 
beneath was anoxic at the surface. Cores samples taken during the winter found no 
Nereis in the sediments. However, Ulva sp. was important in the diet to Nereis sampled 
a few metres away from the main channel where the discharges were occurring, 
between the winter and summer 2009.  
 
Figure 3.31 The extensive mats of Ulva sp. on the surface of the mudflats at BwP 
  near the Maldon STW (summer 2008). 
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Benthic diatoms (MPB) were only important in the diet of Nereis at CrP and DeC. 
Nereis can be important deposit feeders on epipelic diatom mats (Smith et al., 1996) 
which can result in the destabilisation of the sediment surface. In this study, and in 
others (Créach et al., 1997; Doi et al., 2005), there have been difficulties in sampling 
for, and extracting sufficient amounts of, MPB for analyses. During sampling at low 
tide diatom mats were not always visible at all sites. An in situ enrichment study, where 
MPB was “spiked” with 15N additions (15N-enriched NaNO3) showed that this algal 
source is more important to Nereis than the natural isotope values had reported (Galván 
et al., 2008). Therefore, the importance of MPB may have been underestimated in this 
study using the natural isotope tracer approach. 
 
The relative importance of deposit feeding may be related to sediment type and food 
availability. In sandy sediments less food is available on the surface sediments 
compared with muddier habitats, therefore limiting deposit feeding (Esselink & Zwarts, 
1989). All sites sampled in this study, were soft-muddy sediments, with the exception of 
the OrP where the substrates were fine sands, with some gravel at the surface (Beardall 
et al., 1990). Particle size analyses were not undertaken but there were lower water and 
organic contents of the surface sediments at OrP than at all other sites, consistent with a 
sandier sediment. Although SOM was commonly an important source for Nereis at OrP 
(22 % - 41 %), POM was also estimated to have high contributions in the summer (34 
%) and spring (26 %).  
 
3.5.2.2 Suspension feeding by Nereis 
There was evidence that suspended particulate organic material (POM) was a more 
important component of the diet at the clean sites in the Crouch, Blackwater and Deben, 
than at their respective polluted sites. This result supports the main hypothesis. 
However, at the clean sites in the Crouch and Blackwater Spartina sp. was also very 
important (see 3.5.2.3), and at the DeC site deposit feeding on SOM and MPB was also 
contributing to the diet. 
 
During high water, there would have been some resuspension of benthic diatoms into 
the water column (Page, 1997), and these may have been included in the POM samples 
collected from the plankton tow. However, for each site, where both sources were 
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sampled, the δ13C signature for the POM samples always had depleted and distinct δ13C 
values relative to the MPB signatures (e.g. at DeC: δ13C POM was -20 to -19 ‰, and 
δ13C  MPB was -16 to –15 ‰). Galván et al. (2008) used a δ15N labelling technique and 
revealed the relative importance of phytoplankton and MPB for Nereis and found that 
there were also small scale spatial differences in feeding, with a reliance on MPB on a 
mudflat, but on phytoplankton along a nearby creek wall. The sampling locations in this 
study were varied, with samples taken from open mudflats habitats (CrP, BwP, OrP and 
DeP) to those along the bottom of large saltmarsh creeks (CrC, BwC, OrC and DeC). 
Nereis may cease suspension feeding at low phytoplankton concentrations (Riisård et 
al., 1996) and an increase in suspended sediment will decrease these concentrations 
further (Esselink & Zwarts, 1989). The differences in suspended sediment 
concentrations at each site; which was not measured, may have also been an important 
factor governing the feeding mechanism chosen by Nereis. 
 
A large scale investigation of the feeding ecology of Nereis revealed the dominance of 
suspension feeding behaviour over other feeding methods (Figdalgo e Costa, 2006). 
Using gut contents analysis only, the authors concluded that the presence of mucus 
confirmed Nereis as an important suspension feeder. However, all worms were sampled 
from the sublittoral fringe, whereas in this study the worms were from the upper shore 
near the mudflat-salmarsh interface where they are covered by water, and able to 
suspension feed, for relatively short periods. In the spring 2009 at CrP, additional 
samples of Nereis and potential food sources were taken from the low shore. The SIAR 
models estimated that Nereis from the low shore, were more dependent on POM (27 %) 
than those from the high shore (15 %). Esselink & Zwarts, (1989) found that Nereis will 
suspension feed in the first two hours after exposure, after which surface feeding will 
then begin. Therefore, the potential for suspension feeding may change with tidal 
elevation (Galván, et al., 2008), as the low shore populations will experience longer 
immersion times. 
 
3.5.2.3 Importance of marsh vegetation  
The inclusion of marsh vegetation in this study revealed the significance of Spartina sp. 
detritus as a food source for Nereis, and this may be independent of the degree of 
sewage inputs each site received. Using a multiple stable isotope approach, the 
importance of saltmarsh plants in supporting estuarine food webs have reported 
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conflicting findings. Current literature for coastal and estuarine regions in the United 
States and France found that Spartina spp. is of limited importance compared with 
benthic algae and phytoplankton (Page, 1997; Riera et al., 1999; Galván, et al., 2008), 
whereas others found that Spartina spp., as part of the detrital pathway for invertebrates 
is important (Peterson & Howarth, 1987; Currin et al., 1995; Créach et al., 1997; Kwak 
& Zedler, 1997).  
Spartina sp. was mainly an important food source at the clean sites, even though it was 
present in all eight sites, but with varied abundance. At the polluted sites, Spartina sp. 
was either a narrow strip in front of the sea wall (BwP and DeP) or was present as a 
small fringe and sparse clumps in front of the marsh (CrP and OrP). At the clean sites, 
Spartina sp. was more dominant across the marsh platforms (CrC and BwC). Where 
there are monospecific stands of Spartina sp., the invertebrates reflect similar carbon 
signatures (Michener & Kaufman, 2007). Jackson et al., (1986) found that at a Spartina 
anglica marsh in SE England, Nereis was responsible for assimilating > 85 % of the 
total S. anglica assimilated by all invertebrates and was important in the dissipation of 
this plant material because of its high abundance and productivity (Jackson et al., 1985). 
The relative amounts of Spartina sp. material exported from a site, and thus the 
availability to benthic invertebrates as detritus may be an important factor in how much 
it subsidises estuarine food webs. Most macroinvertebrates will not graze directly on 
Spartina sp., and other halophytic plants, as they contain high amounts of complex 
carbohydrates (e.g. lignin). Spartina sp. has high C: N values, is less digestible than 
algae and for Nereis supports lower growth rates (McCutchan et al., 2003; Olivier et al, 
1996). Despite this, macrofaunal organisms, including Nereis, are important in the 
degradation, burial and redistribution of plant detritus within marsh systems. Marsh 
detritus is initially decomposed by micro-organisms, which enhances the nitrogen 
content and nutritional quality of the leaf litter for macroinvertebrates. The feeding 
activities of macrofauna may further stimulate microbial activity increasing the rate of 
degredation (Lillebø et al., 1999). 
Unlike Spartina sp., Salicornia sp. was shown to not be an important source for Nereis. 
Salicornia sp., a C3 plant will be expected to have much depleted δ
13
C values compared 
to algae and C4 plants (i.e. Spartina sp.) (Page, 1997).  This was confirmed at these sites 
where the δ13C values for Salicornia sp. were in the range of - 29 to - 23 ‰, compared 
to Spartina sp which had a range of - 16 to - 13 ‰. The stable isotope data from this 
study have shown that Saliornia sp. is not assimilated by Nereis, but it cannot report 
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that Nereis was not taking the seeds from the sediment during deposit feeding. In 
laboratory experiments Paramor and Hughes (2004) showed that Nereis has a negative 
effect on Salicornia sp. seedling production and survival, and were observed taking 
seeds from the surface. 
The saltmarsh plants analysed in this study were the two pioneer plants Spartina sp. and 
Salicornia sp. as these were present at the edges of the mudflat-saltmarsh interface. The 
natural isotope values of a range of saltmarsh plants at the Gann estuary (SW Wales, 
SM 8140 0730) was undertaken in spring 2008 (Appendix 1). The common plants, for 
example, Puccinellia maritima and Atriplex portulacoides would not have been 
important to Nereis as their signatures were too depleted in δ13C (~ - 27 ‰ and ~ 25 ‰ 
respectively) to be an importance source and, therefore, these species were not analysed 
from the SE England estuaries.   
 
3.5.2.4 Predation 
At CrP Nereis fed on the amphipod C. volutator, which was often abundant here. The 
enriched δ15N values (< 10‰) relative to the basal sources makes it likely that Nereis 
was feeding at higher trophic level than a herbivore would be. Nereis also co-existed 
with C. volutator at DeP and may have also been a secondary consumer in the summer, 
when it had similar δ15N values (20.89 ± 0.41 ‰) to Nereis at CrP in that same season 
(19.70 ± 0.19 ‰). Nereis gut contents were not examined, but gut contents analysis has 
shown C. volutator may be an important food item for Nereis (Fidalgo e Costa, 2006). 
Further work using multiple isotope techniques is described in Chapter 4, and confirmed 
that C. volutator is also an important food source for Nereis at another intertidal site on 
the Crouch, where these two species were both abundant. 
 
3.5.3 Seasonal changes in diet  
It may be expected that seasonal changes in productivity of phytoplankton and Ulva sp. 
and detrital material would have influenced seasonally the availability and importance 
of food sources utilised by Nereis. However, there were no clear seasonal patterns 
revealed within each site. At the OrC site Ulva sp. was important throughout the year, 
as was MPB at CrP. Water column POM was important in the spring and summer at 
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CrC, BwC, OrP and DeC, but was also in the winter at BwP, CrC, BwC and DeC. 
Nereis as an opportunistic species may have been less sensitive to seasonal changes in 
food sources, than other true suspension, or deposit feeding organisms would be.  
 
The tissue turnover rates for invertebrates are faster than higher organisms (Grey, 2006), 
so it is likely that the isotopic composition of Nereis would have been a reflection of the 
source(s) used recently. There may also have been changes in the isotopic signatures of 
Nereis independent of its diet. When Nereis starts to mature there is a switch from 
somatic to reproductive growth, where energy is invested in gamete production, and 
feeding ceases (Lawrence & Soame, 2004). The presence of eggs in the female worms 
will affect its isotopic signature as lipids have depleted δ13C values. Empty guts have 
been observed in populations of Nereis that undergo continuous reproductive activity 
(Fidalgo e Costa, 2006) and in this study large specimens were used, which may have 
been maturing at the time. As whole specimens of Nereis were analysed, the signatures 
can be expected to be lower than if only muscle tissue had been processed (McCutchan 
et al., 2003; Grey, 2006).  
 
 
3.5.4 Nereis distribution  
 
It was hypothesised that there would be higher densities and biomass of Nereis in areas 
subject to sewage inputs, than at their putative clean estuarine sites. There was no clear 
overall pattern observed as although often there was more Nereis in the polluted sites, 
these were not always statistically significantly higher as there was variability in the 
densities and biomass in all four estuaries. For example, in the Orwell, there were 
higher densities in the upper estuary (near the Orwell Bridge) in areas of reduced 
salinities and high organic loading, than in the lower parts (Beardall et al., 1990). The 
mean densities and biomass in the winter at OrP was very high at 7798 m
-2
 and 54 g.m
-2
 
(dry weight), significantly higher than its putative clean site at Shotley (OrC), despite 
this site also being affected by sewage pollution. There were high maximum densities in 
the Orwell and Deben of 3,000 – 9,000 m-2, whereas at the Crouch and Blackwater the 
maximum densities only reached 200 – 3,000 m-2. Nereis is abundant in many sites in 
estuaries in SE England (Hughes & Gerdol, 1997) and their abundance may be affected 
by a combination of factors, rather than organic inputs exclusively. Nereis may also 
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show differences across smaller spatial scales with the effects of tidal elevation, and 
microhabitat (i.e. mudflat, vegetated zones, creeks, and saltpans).The polluted sites were 
all in the upper reaches of the estuary, whereas the clean sites were mainly in the more 
saline lower and outer regions, and each population would be subject to different 
environmental conditions. 
 
3.5.5 Limitations of SIA techniques 
This study used a multiple isotope approach using carbon and nitrogen to identify the 
food sources for and trophic level of Nereis. The inclusion of sulphur (δ34S) would have 
also been useful as it is more sensitive than δ13C in distinguishing phytoplankton from 
terrestrial, saltmarsh and benthic algal sources (Deegan & Garritt, 1997). Increasing the 
number of isotopes would have also increased the power of the mixing models where 
multiple sources are included (Phillips and Gregg, 2003), which is often necessary in 
estuarine food web studies. 
The SIAR mixing models were useful in estimating the relative proportions that each 
potential food source contributed to the diet of Nereis. A common problem in stable 
isotope studies is where a consumer has intermediate isotopic values to its sources 
(Peterson & Fry, 1987). For some analyses the results from the models showed sources 
to be of equal value, where each source had similar median % contributions, with 
overlapping 95
th
 CI (e.g.summer (DeP) and autumn (OrP, DeC)). There is the 
possibility that Nereis was utilising all the sources included in the model (e.g. OrP and 
DeC in the autumn) or that none of the sources would have been important, based on the 
signatures of Neries (e.g. DeP in the summer). SIAR will always attempt to fit a model, 
therefore, prior knowledge of the feeding ecology of the consumer and the isotopic 
routing of sources may be important when interpreting the output (Phillips & Koch, 
2002; Parnell et al., 2010). 
 
3.5.6 Conclusions 
Estuaries are complex systems, as the variation in carbon and nitrogen signatures can be 
high for each primary producer, and thus a challenge for stable isotope studies to 
develop a comprehensive picture of an estuary (Michener & Kaufman, 2007). By 
incorporating seasonal sampling and a wide spatial scale, the feeding behaviour of 
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Nereis has been described using these techniques, despite the variability in signatures. 
Deposit feeding is the main feeding mode for Nereis in these estuaries, and nutrient 
inputs from sewage discharges has encouraged this further by enhancing the 
productivity of the opportunistic alga Ulva sp. at impacted sites and clean ones to a 
lesser extent. Suspension feeding was more evident at the clean sites in the lower 
reaches of the estuary, but was not exclusive as Spartina sp. detritus material exported 
from local saltmarshes was important in the diet and indicated deposit feeding also. 
Populations of Nereis within a site may be adapting to local environmental conditions. 
Although there is spatial heterogeneity in organic matter sources across an estuary, 
consumers may rely on those produced from the region in which they reside (Deegan & 
Garritt, 1997) therefore, making it difficult to predict at a landscape level the feeding 
behaviour of Nereis. However, the prevalence of deposit feeding on the upper shore 
sediments in SE England reveals the importance that these populations have within their 
habitat. 
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CHAPTER 4 A comparison of the diet and feeding behaviour of
   Nereis diversicolor within a managed realignment 
   site, and an adjacent natural saltmarsh in SE  
   England. 
 
Abstract 
Managed realignment is increasingly used as a conservation tool in the UK, and 
elsewhere, for the creation of intertidal habitats particularly saltmarshes. The 
omnivorous polychaete Nereis may colonise sediments in realignment sites and have 
both a direct and indirect effect on saltmarsh development and other invertebrates of the 
developing mudflats. Stable isotope analyses (δ 13C and δ 15N) were used to compare 
which sources were important to Nereis at the recently created Wallasea Island managed 
realignment site, and at an adjacent natural marsh habitat. The isotopic mixing model 
SIAR was used to predict the seasonal % dietary proportions of the two populations. 
The Nereis were larger in the realignment than in the neighbouring saltmarsh and had 
greater biomass. In the marsh Nereis was suspension feeding on POM in the water 
column throughout most of the year, as well as being supported by Spartina anglica, 
presumably as detritus. In addition, Corophium volutator was absent in the realignment 
site but present in the marsh, where it was also a source for Nereis. In the realignment 
site Nereis was predominantly deposit feeding; being supported by Ulva sp. in most 
seasons and microphytobenthos in the summer. The greater dependance on deposit 
feeding in the realignment site may be related to high concentrations on NO3
-
, possibly 
from the agricultural soils which stimulate benthic primary production.  These results 
highlight small scale spatial variations in the importance of locally derived sources for 
supporting Nereis. 
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4.1 INTRODUCTION  
In the U.K managed realignments schemes are increasingly being implemented for the 
creation or restoration of internationally important intertidal habitats, with the aim of 
mitigating for the predicted loss of these habitats caused by natural and human events 
(Burd, 1995; Wolters et al., 2005 (a); French, 2006). Managed realignment (also known 
as „managed retreat‟) involves allowing existing sea defences to fail or be deliberately 
breached for tidal inundation of the hinterland. Managed realignments are designed to 
create new intertidal mudflats and saltmarshes for their conservation value, and to 
provide a long term and more economic solution to coastal defence (French, 2006). In 
SE England where 65 % of the UK loss of saltmarsh habitats has occurred there are nine 
managed realignment schemes in place, with the first at Northey Isand on the 
Blackwater in 1991, and the latest at Wallasea Island on the Crouch estuary. The latter 
which was first breached in 2006 to create 115 ha of mudflat, saltmarsh, island and 
lagoonal habitats.  This was the largest realignment in the UK and was to compensate 
for the loss of intertidal habitats in the region at Fagbury Flats (32 ha of mudflat and 
saltmarshes), and Lappel Bank (22 ha of mudflats) (Dixon et al., 2008). 
Nereis diversicolor rapidly colonises newly formed sediments of managed realignment 
schemes in the U.K (Paramor & Hughes, 2005; Garbutt et al., 2006; Mazik et al., 2007), 
and in Europe (Eertman et al., 2002). After only 12 months of tidal inundation Nereis 
was recorded in high densities of up to 4,000 no.m
-2
 within the upper mudflats of the 
Wallasea Island realignment. In SE England it has been shown that within the accreting 
realignment sediments Nereis will affect the stability of the sediment and restrict the 
development and establishment of saltmarsh vegetation by its deposit feeding, herbivory 
and bioturbatory activities (Paramor & Hughes, 2005, 2006).  
Nereis is widespread in estuaries in SE England where its feeding behaviour will help 
determine its the functional role within these ecosystems, thus it is important to identify 
spatial variations in its feeding ecology and factors that may influence it.  In chapter 3 
the stable isotope study revealed plasticity in feeding behaviour across a relatively large 
spatial scale (between estuaries). However, the sampling sites in the study differed not 
only in the amount of organic inputs they received from sewage discharges, but also in 
local salinities, hydrodynamic regimes, and habitat type. The presumed polluted sites 
were all in the upper reaches of the estuary whereas the presumed clean locations were 
in the lower regions. The differences in feeding behaviour between the sites may have 
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been influenced by several factors. The managed realignment site and adjacent natural 
marsh at Wallasea Island on the Crouch estuary is a suitable location for further 
investigation of the feeding ecology of Nereis. Samples for stable isotope analysis had 
been taken near the upper tidal limit and near the mouth of the Crouch estuary (chapter 
3). The Wallasea Island location will allow a direct comparison between Nereis in two 
different but close sites, exposed to the same flood water. The specific habitats in the 
mature natural saltmarsh may be different to the new accreting sediments and 
developing saltmarsh within the realignment, differences that may influence Nereis 
feeding behaviour.  
Stable isotope analysis (SIA) can be a powerful tool in determining differences in diets 
of marine organisms, and has been used in studies comparing feeding behaviour in 
natural intertidal habitats with restored (Moseman  et al., 2004) and created ones (Talley  
et al., 2000; Riera  et al., 2004; Gauthier et al., 2007). Studies of saltmarsh restoration 
and creation often focus on the vascular plant and fish assemblages rather than the 
invertebrate infauna (Moseman et al., 2004). Nereis is an important ecosystem engineer 
through its feeding and bioturbatory activities, and is a key trophic link for many fish 
and birds that utilize realignments for nursery and feeding grounds (Evans et al., 1998). 
Here SIA is used to investigate possible differences in sources used by Nereis in a new 
realignment site and adjacent natural marsh sediments seasonally, to address the 
hypotheses that their feeding behaviour will differ between the two sites and seasonally. 
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4.2 METHODS 
4.2.1 Study Area 
Wallasea Island lies on the south side of the Crouch estuary, SE England (Figure 4.1). 
In 2006 the site was breached to create 115 ha of new intertidal habitats. The 
realignment was divided into three compartments: Area A (West), Area A (East) and 
Area B. There were six breaches and the old sea wall was breached first at breach 1 in 
June 2006 (Figure 4.2). At the southern edges of all three compartments a 45 m wide 
strip of recharged sediment (dredged material deposited on to sediment surface), held in 
place with a clay bund, was constructed to create suitable elevation for saltmarsh 
development and aid protection of the new seawall (Dixon et al., 2008). 
 
 
 
Figure 4.1. Location of Wallasea Island on the Crouch Estuary.  
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Figure 4.2 Lidar image of Wallasea Island showing the location of the two sampling 
sites, the saltmarsh (M) and in the realignment site (R).  The six breaches are numbered 
1 – 6, and the colours represent differences in elevations (above Ordnance Datum 
Newlyn (m).) (LiDAR image provided courtesy of Defra Biodiversity Division 
(collected by Environment Agency Geomatics Group and processed by ABPmer, 
2007)) 
 
4.2.2 Sampling and laboratory processing  
The saltmarsh and realignment site compartment Area A (West) were sampled 
seasonally from spring 2008 to spring 2009. The realignment had been designed as 
three separate compartments with no flow of water between them, and Nereis if present 
may be feeding differently between them. Therefore, in addition to the sampling regime 
in Area A (West), the western end of realignment Area A (East) was sampled in spring 
2009 (see Figure 4.2). The western end of Area A (East) was also the location of a 
separate experiment that ran between December 2008 to November 2009 (Chapter 5). 
The marsh site is a v-shaped area of saltmarsh intersecting Area A (West) and (East). 
The samples were taken from the southernmost point of the V-shaped borrow dyke 
which was parallel to the seawall. Spartina anglica (hereafter referred to as Spartina 
sp.) and Atriplex portulacoides were the main plants in the saltmarsh, and Salicornia 
europaea agg (hereafter referred to as Salicornia sp.) was only sparse and patchy. The 
Area A (West) 
 
Area A (East) Area B 
R 
M 
1 
2 3 
4 5 6 
500 m 
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realignment site at Area A (West) was a developing mudflat of soft marine sediment 
with only small patches of saltmarsh vegetation present on its eastern edge. The 
filamentous alga Ulva sp. was very abundant. On the recharged sediments behind the 
bund on the southern edge of the site, Salicornia sp. had colonised. Samples were taken 
at the top of the developing mudflat north of the bund and recharged sediment.  
Chapter 3 gives details on the collection of samples for stable isotope analysis (section 
3.3.1.1) and for the biotic and environmental sampling (section 3.3.1.2). Five replicate 
core samples at Wallasea Island were taken between autumn 2008 and spring 2009, and 
the environmental samples (salinity, nutrient data, sediment % organic and water 
content) were taken between spring 2008 and autumn 2008.  
The laboratory processing of samples and analytical measurements follows the 
procedures detailed in Chapter 3 (sections 3.3.2 and 3.3.3). 
 
4.2.3 Data analyses 
All invertebrate abundance data was converted to densities (no.m
-2
). Differences 
between densities, environmental data and isotopic signatures were determined using 
ANOVA when assumption on the data were met (normally distribution, equal 
variences). 
Estimations of dietary proportions based on the isotopic signatures were performed 
using the SIAR mixing model in the R statistical package and in Chapter 3, section 
3.3.4 the rationale is given. 
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4.3 RESULTS 
 
4.3.1 Temporal & spatial variation in isotopic signatures 
 
Figure 4.3 shows the temporal variation in mean isotopic signatures for SOM 
(sedimentary organic matter) and Nereis from the marsh and realignment site. In spring 
2008 the SOM in the realignment site was significantly more enriched in δ 13C than in 
the marsh. By the summer and autumn, however, there was no difference with both sites 
having δ 13C of approximately -21 ‰. In the winter and spring 2009 there was a shift 
towards enrichment in the marsh sediment compared to the realignment. With the 
exception of the summer, the SOM within the realignment was more enriched in δ15 N 
than in the marsh. In spring 2008 the highest mean δ15 N SOM values were recorded, for 
the realignment and marsh (between ~ 11 and 12 ‰), and from the summer onwards 
there was a reduction to ~ 8 and 10 ‰ respectively. There was no significant seasonal 
variation in δ 13 C of Nereis from the marsh (ANOVA F= 2.48, p = 0.114, df = 4) nor 
the realignment site (ANOVA F = 2.48, p = 0.111, df = 4). Nereis from the marsh were 
significantly more enriched in δ 13 C than those from the realignment site (ANOVA F = 
15.16, p = 0.001, df = 1). With the exception of the summer, Nereis from the 
realignment site were more enriched in δ 15N than those from the marsh but this was not 
significant (ANOVA, F = 3.21, p = 0.084, df = 1).  The δ 15N signature of Nereis from 
the realignment did vary significantly over time (ANOVA, F = 17.86, p = < 0.0001, df 
= 4).  
Figure 4.4 shows the seasonal variation in the suspended POM signatures from the 
marsh and realignment site. In the spring and summer 2008 POM at the realignment site 
was more enriched in δ 15N than the marsh. Throughout most of the year the δ 13C 
signatures were higher at the marsh. 
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Figure 4.3 Seasonal variation in the δ 13C and δ 15N (‰) (mean ± SD, n= 3) for 
sediment organic matter (SOM) and Nereis at Wallasea Island saltmarsh (filled circles) 
and realignment (open circles). 
 
 
Figure 4.4 Seasonal variation in the δ 13C and δ 15N (‰) (mean ± SD, n= 3) for 
suspended particulate organic matter (POM) at Wallasea Island saltmarsh (filled circles) 
and realignment site (open circles). 
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4.3.2 Dual isotope plots and estimations of diets 
Figure 4.5 and 4.6 show the dual isotope plots (δ 13C and δ 15N) for Nereis and potential 
food sources from the marsh and realignment site. The results of the SIAR mixing 
models are summarised in Table 4.1  
The main differences in the two habitats were that in the marsh Ulva sp. was scarce and 
there was no visible microphytobenthos (MPB) unlike in the realignment site where 
mats of Ulva sp. were present throughout the year and MPB was also sometimes visible 
in patches on the mud surface. In the marsh, the C4 plant Spartina sp. was a dominant 
halophyte at the marsh edges, but in the realignment the C3 plant Salicornia sp. was the 
main pioneer species. Corophium volutator was abundant in the marsh creek sediments 
during the spring of 2008 and 2009 but was not found in the realignment site.  
The SIAR model indicates that between spring 2008 and winter 2009 POM was 
consistently an important food source for Nereis in the saltmarsh with median values of 
31 -39 %. In the summer 2008, S. anglica was estimated to be 47 % of the diet, a 
contribution that declined through to spring 2009 but which remained important. The 
cordgrass S. anglica was only slightly more enriched in δ 13C than Nereis with values 
always reported to be approximately -14 ‰. However, the nitrogen signatures did 
fluctuate with a shift from 8 ‰, to more a more depleted 4 ‰ in the autumn. SIAR 
predicted that C. volutator was an important food source in the spring of 2008 (37%) 
and 2009 (28%).  
The mixing models indicate that Nereis in the realignment site was mainly dependent 
upon the filamentous algae Ulva sp. with the exception of the summer, when MPB was 
identified as the major source. There was a significant variation in the δ 15N values of 
Ulva sp. with an increase during the summer (Figure 4.7). Throughout the year the 
range of mean δ 13C signatures for Salicornia sp. in the realignment were too depleted (-
25.76 to – 27.14 ‰) to be a likely source for Nereis whose signatures were more 
enriched (- 16.35 to – 18.10 ‰). However, other primary producers such as the 
macroalgae Ulva sp. and MPB had δ 13C values close to the range for Nereis (-16.41 to -
17.73 and -13.51 to -16.24 respectively).  Salicornia sp. was excluded from the model, 
as the analyses of this species at Holliwell Point at the mouth of the Crouch estuary 
(Chapter 3), showed it contributed only 0 – 9% to the diet of Nereis. In the realignment 
site POM was less important than in the marsh, with a maximum median value of only 
24 %. In the autumn it was difficult to distinguish between SOM and POM as both 
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sources had similar isotopic values for δ 13C and δ 15N. The signal: noise ratio was 
calculated, and both δ 13C and δ 15N had low values of 1.71 and 0.191, respectively. 
This ratio is defined as the difference in the mean isotopic signatures of the food sources 
verse the sum of the standard deviations of the mean values of the food sources. If two 
sources have a large isotopic difference and low standard deviation then the ratio will be 
high but with a small difference and high variability then it is lower (Michener & 
Kaufman, 2007). 
The results of sampling Area A (East) in the realignment in spring 2009 are summarised 
in Table 4.2. The mixing model indicated that Ulva sp. was also an important source for 
Nereis here; with a median value of 53 % the same as that for Ulva sp. in Area A (West) 
from the same season. 
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 1 
Figure 4.5 Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources sampled seasonally at 2 
Wallasea Island saltmarsh between spring 2008 and spring 2009.  3 
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 4 
Figure 4.6 Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of Nereis and potential food sources sampled seasonally at 5 
Wallasea Island realignment Area A (West)  between spring 2008 and spring 2009. 6 
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Table 4.1 The results from the SIAR mixing model for Wallasea Island saltmarsh and 
realignment Area A (West). Bold median values indicate the most important dietary 
source predicted for Nereis (= high median value). † = a source not present/not 
sufficiently present, * = a source excluded from the model. 
Season Sources MARSH  REALIGNMENT 
     
  Median (95
th
 % CI)  Median (95
th
 % CI) 
       
       
Spring 2008 POM 34 (25 – 47)  24 (13 – 32) 
 SOM 28 (17 – 41)  34 (24 – 45) 
 Ulva sp. † †  42 (34 – 50) 
 Salicornia sp. † †  * * 
 C. volutator 37 (25 – 49)  † † 
       
       
Summer 2008 POM 35 (27 47)  24 (10 – 34) 
 SOM 17 (5 – 22)  24 (13 – 34) 
 Ulva sp. † †  17 (0 – 17) 
 MPB † †  33 (34 – 43) 
 Spartina sp. 47 (39 – 55)  † † 
 Salicornia sp. † †  * * 
       
       
Autumn 2008 POM 31 (20 – 45)  15 (2 – 17) 
 SOM 20 (1 – 22)  17 (4 -20) 
 MPB † †  18 (11 – 23) 
 Ulva sp. † †  49 (44 – 58) 
 Spartina sp. 46 (37 – 64)  † † 
 Salicornia sp. † †  * * 
       
       
Winter 2009 POM 39 (29 – 51)  23 (13 – 33) 
 SOM 30 (21 – 42)  16 (3 – 18) 
 MPB † †  24 (17 – 34) 
 Ulva sp. † †  35 (26 – 44) 
 Spartina sp. 32 (25 – 41)  † † 
 Salicornia sp. † †  * * 
       
       
Spring 2009 POM 15 (1 – 16)  14 (1 – 16) 
 SOM 13 (1 – 14)  29 (19 – 45) 
 Ulva sp. 17 (3 -20)  53 (41 – 62) 
 Spartina sp. 25 (19 – 35)  † † 
 Salicornia sp. * *  * * 
 C. volutator 28 (20 – 36)  † † 
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Figure 4.7 The seasonal variation in the δ 15N (‰) of Ulva sp. (mean ± SD, n= 3) from 
the Wallasea Island realignment Area A (West). 
 
Table 4.2 Isotopic values (mean ± SD, n = 3) of Nereis, and potential food sources 
sampled at Wallasea Island realignment Area A (East) in spring 2009 and the results of 
the SIAR mixing model predictions of the median dietary proportion % (and 95
th
 % CI). 
Bold values indicate the maximum estimated dietary source, and * = a source not 
included in the model). 
      
 
Realignment Area A (East) 
δ 13C  
(‰) 
 δ 15N  
(‰) 
 Dietary proportions 
(%) 
       
       
 Nereis -13.38 ± 0.12  13.61 ± 
1.52 
  
      
Sources      
 POM -21.60 ± 0.58  6.45 ± 0.75  17 (1 – 18) 
 SOM -20. 87 ± 
0.11 
 8.45 ± 0.66  25 (3 – 36) 
 Ulva sp. -17.15 ± 0.99  11.81 ± 
1.27 
 53 (38 – 67) 
 Salicornia sp. -26.19 ± 0.19  10.49 ± 1.13  * 
 Salicornia sp. -23.19 ± 1.20  3.87 ± 0.59  * 
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4.3.3 Biotic data 
Between the autumn 2008 and spring 2009 there were higher mean densities of Nereis 
in the realignment site than in the marsh, a difference which was significant in the 
winter and spring 2009 (Figure 4.8a). There was little seasonal change in mean densities 
of worms in the marsh, but in the realignment densities increased to approximately 3000 
no.m
-2 
in the spring. There were more large worms within the realignment sediments 
(Figure 4.8b), with maximum L3 lengths of 2.90 mm compared with 2.50 mm in the 
marsh. However, by the winter there had been a reduction in the proportion of the 
population in the largest sizes (L3 > 2.10 mm) in the realignment site, and the 
differences between the two populations was then due to higher densities of small and 
medium sized worms (L3 = 0.50 – 1.70 mm). Figure 4.9 shows the biomass of the 
realignment population was generally higher than that of the marsh, a difference that 
was significant in the autumn 2008 and spring 2009. Although core samples were not 
taken in the summer 2008 some were taken in summer 2007, 12 months after the site 
was first flooded, and these samples (Figure 4.10) also showed higher mean densities of 
Nereis in the realignment than the adjacent marsh. 
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(a)     (b) 
Figure 4.8 (a) Mean densities (+ SE, n= 5 cores) and (b) length L3 (mm) frequency 
histograms for Nereis at Wallasea Island saltmarsh and realignment (significant 
difference between densities, ANOVA * is p = < 0.05; ** = is p = < 0.01). 
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Figure 4.9. Mean biomass (g.m
-2
 dry weight, +SE) of Nereis at Wallasea Island 
saltmarsh and realignment site (significant difference between biomass, ANOVA * is p 
= < 0.05; ** = is p = < 0.01). 
 
Figure 4.10. Mean densities (+ SE, n= 5 cores) of Nereis at Wallasea Island saltmarsh 
and realignment site (significant difference between densities, ANOVA ** is p < 0.01). 
 
There were also differences in the abundance of other invertebrates between the 
saltmarsh and realignment site (Figure 4.11). Higher densities of oligochaetes were 
recorded at the marsh than in the realignment in autumn and winter, but their density in 
the marsh had declined by the spring. In contrast, the bivalves Macoma balthica and 
Scrobicularia plana had lower densities in the marsh than in the realignment sediments 
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and Hydrobia ulvae were also more abundant at the realignment site. Corophium 
volutator was present in the marsh, with high densities in the spring, but was absent in 
the realignment, a result similar to that of an earlier survey in summer 2007 (Figure 
4.12). Salicornia sp. seedlings were present within the developing mudflat of the 
realignment sediments but none were found in the sediments of the natural marsh 
(Figure 4.11). 
 
Figure 4.11 Mean densities (+ SE, n = 5 cores) of other key taxa & S. europaea agg. 
seedlings sampled at Wallasea Island saltmarsh (black bars) and realignment site (white 
bars), 
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Figure 4.12 Mean densities (+ SE, n= 5 cores) of C. volutator at Wallasea Island 
saltmarsh and realignment site.  
 
 
4.3.4 Environmental data 
There was no significant difference in  water content of the marsh (48.45 % ± 0.33) and 
the realignment sediments (49.40 % ± 1.83) in summer 2008 (ANOVA, F = 0.26, p = 
0.64), nor in their  organic contents (9.25 % ± 0.32 and 8.67 ± 0.83 respectively) 
(ANOVA, F = 0.44, p = 0.54). Between the spring and autumn 2008 the flood tide of 
the marsh and realignment site had salinities between 33 and 34 ‰. Figure 4.13 shows 
the nutrient concentrations of the flood tide waters. There was an increase in nitrate 
concentrations in the summer at the realignment to 99.48 µmol.l
-1
, but in the marsh 
concentrations increased to only 12.05 µmol.l
-1
. By the autumn the nitrate 
concentrations had decreased at both sites to similarly low concentrations At both sites 
there was an increase in ammonium and phosphate concentrations between the spring 
and the autumn. 
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Figure 4.13 Water column nutrient concentrations (mean ± SE, n = 5) of nitrate (NO3
-
), 
ammonium (NH4
+
) and phosphate (PO4
3-
) in Wallasea Island saltmarsh (closed circles) 
and realignment site (open circles). 
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4.4 DISCUSSION 
 
4.4.1 Spatial differences in diets 
The results of this study at Wallasea Island have revealed the importance of locally 
produced sources in supporting Nereis across the seasons. In the creeks of the natural 
marsh Nereis exhibited a wide range of feeding behaviours, predominantly suspension 
feeder on POM in the water column and deposit feeding on detritus from the halophyte 
Spartina sp. In addition Nereis also ate the amphipod C. volutator in the spring. In 
contrast, at the realignment Area A (West), and (East); Nereis fed predominantly upon 
Ulva sp throughout the year and MPB in the summer. The realignment areas at 
Wallasea were still developing mudflats, creek systems and vegetation. In contrast, the 
adjacent natural marsh site is a mature saltmarsh with established platforms of dense 
vegetation and a defined creek network. Mature saltmarshes are often net exporters of 
organic material, compared with new marshes, and the development of algae in created 
habitats often proceeds more rapidly than vascular plant development (Moseman et al., 
2004). It can, therefore, be expected that the composition of macrofaunal diets will vary 
between natural and newly created habitats. The results support this view, with Ulva sp. 
at the realignment estimated to be an importance source, compared with Spartina sp. of 
the natural marsh.  
 
There was little evidence of suspension feeding by Nereis on POM in the realignment, 
whereas this was important in the adjacent marsh creeks. Both sites received the same 
water on flooding tides but the isotopic signatures of the POM samples were enriched in 
δ15N in the spring and summer in the realignment and enriched δ 13C for most of the 
year in the marsh (Figure 4.4).  There were differences in nutrient concentrations in the 
water of the two sites, with significantly higher nitrate concentrations in the realignment 
in the summer (Figure 4.13) which was reflected in the seasonal increase in δ15N of 
Ulva sp. (Figure 4.7). The source of this additional nitrate is unknown but it is probably 
from nitrate remaining in the soil previously used for cereal production (Spencer et al., 
2008). Directly opposite Wallasea Island on the north bank of the Crouch at Burnham-
on-Crouch (TQ 957 954) is a sewage treatment works, and it is not known what effects 
of these discharges may have on the sites. However, any impacts may be negligible as it 
has been reported for the Crouch that the synchronisation of sewage effluent discharge 
with an ebb tide results in low BOD levels (Chesman et al., 2006) and any effect will 
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affect both sites equally. The establishment of the opportunistic alga Ulva sp. in the 
realignment may have been further encouraged by nutrient enrichment. Nereis is an 
opportunistic feeder and may feed on those sources with the best quality or those most 
abundant at the time (Nordström et al., 2006), and the abundant coverage of Ulva sp. at 
the top of the shore in the realignment was the predominant source preferred to POM 
from the water column. Suspension feeding in Nereis will cease when phytoplankton 
concentrations become low (Riisgård, 1991), however, these variables were not 
measured at the realignment so it is difficult to know if this was occurring.  
 
 
4.4.2 Nereis & Corophium volutator 
Predation by Nereis on C. volutator was evident in the Wallasea Island saltmarsh and in 
the upper reaches of the Crouch estuary at Battlesbridge (CrP) (chapter 3). The much 
enriched δ 15N signatures of Nereis (19.69 - 21.75 ‰) compared to the primary 
producers in all seasons at Battlesbridge provided the conclusion that Nereis was 
predominately a secondary consumer at this site. The δ 15N signatures of Nereis from 
the Wallasea marsh are not as high (11.44 ‰, pooled seasons) relative to C. volutator 
and the basal sources, and Nereis may be feeding on a more mixed diet of invertebrates 
and primary sources. C. volutator was observed on the surface of the sediments during 
in the spring 2008 and 2009 and these may have been males searching for females 
which stay in their burrows (Fish & Mills, 1979). Nereis may have been 
opportunistically eating these from the surface and normally C. voluator remain in their 
burrows where they may avoid Nereis predation if the worms are not prepared to leave 
their burrows to find them. Mean densities of C. volutator were relatively low in the 
autumn and winter, and high in the spring (up to 2,500 m
-2
; Figure 4.11), but in the 
summer of the previous year (2007), higher high densities of C. volutator were observed 
(up to 25,000 m
-2
, Figure 4.12). The large temporal variation in densities of C. volutator 
has also been observed in the Humber estuary (K. Mazik, pers comm.). The presence of 
high densities of C. volutator in the sediments with Nereis may result in inter-specific 
interactions other than predation. C. volutator feed on a similar suite of food sources to 
Nereis which include benthic diatoms (Smith et al., 1996) and phytoplankton (Møller & 
Riisgård, 2006). Nereis can be the more dominant species; exerting predation pressure 
on C. volutator, disturbing and altering its habitat and reducing food availability (Jensen 
& André, 1993; Fidalgo e Costa et al., 2006). 
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The absence of C. volutator in the realignment is interesting. C. volutator could 
colonise new habitats by swimming on flooding spring tides at night (Hughes, 1988) 
and a large scale spatial survey in the Crouch and Blackwater estuaries by Hughes & 
Gerdol (1997) found higher densities of C. volutator in semi-enclosed bays than on 
open mudflats. In addition to swimming, dispersal by rafting on drifting algae and 
detritus has been observed for C. volutator (Moseman et al., 2004). Higher densities of 
H. ulvae were observed in the realignment compared with the marsh, but these have 
planktonic veliger larvae and a higher dispersal potential than C. volutator and Nereis 
that do not. 
 
4.4.3 Nereis population structure 
After nearly three years after its formation the Nereis population in the realignment site 
was still significantly different to that of the natural marsh, with a higher mean densities 
and biomass in the accreting sediments (Figure 4.8 & 4.9). Growth rates in Nereis have 
been linked to diet; with higher rates for those fed on a diet of algae compared with a 
diet of saltmarsh plants (Olivier et al., 1996). The colonisation processes of other 
managed realignments have followed a general succession pattern of oligochaetes, 
polychaetes (i.e. Nereis.), and then bivalves (Eertman et al., 2002; Garbutt et al., 2006; 
Mazik et al., 2007). Nereis was slow to colonise created mudflats where the site was 
flooded later in the autumn (Evan, et al., 1998), thus the season in which a site is first 
flooded may affect the rate of colonisation. Breaching first occurred at Wallasea in the 
summer which is the period of peak water column dispersal for Nereis in the Crouch 
estuary (chapter 2), and this may have encouraged early colonisation. 
 
 
4.4.4 Functional role of Nereis at Wallasea Island 
 
The varied feeding behaviour of Nereis will determine the effects they have on their 
habitat. At Wallasea several functional traits can be identified. The role of Nereis in the 
breakdown, burial and decomposition of Spartina sp. detritus has been already reported 
from Holliwell point (CrC) on the Crouch estuary and at several other estuarine sites in 
SE England (see chapter 3). Spartina sp. may be an important component of the diet of 
Nereis, but this species is patchily distributed in SE saltmarshes (Hughes et al., 2009) 
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and its importance will vary spatially. However, when present, Spartina sp. is highly 
productive and Nereis is one route where this production can support food webs to birds 
and fish. 
 
Nereis can restrict the development of seedlings of the pioneer plant species S. 
europaea agg. at the mudflat-saltmarsh interface by burrowing and herbivory (Paramor 
& Hughes, 2004). Salicornia sp. seeds and seedlings were found in the core samples in 
the realignment site, and if indicted, Nereis was predominantly deposit feeding in the 
realignment site then they may have prevented saltmarsh development here too. The 
isotopic signatures of Salicornia sp. indicated that it was unlikely to be important to 
Nereis as a food source in the realignment site; however, it does not exclude Nereis 
from taking the seeds from the surface during feeding. The bioturbation caused from 
deposit feeding will be important in displacing the seeds and preventing germination. 
 
Sediment re-working activity by Nereis will increase with an increase in its population 
density, which can then increase the re-suspension and erodibility of sediments (Duport 
et al., 2006; Widdows et al., 2009). Therefore, the higher densities of Nereis in the 
realignment have resulted in greater sediment re-working and erosion than in the natural 
marsh. Nereis deposit feeding may increase with an increase in food quantity (Nogaro et 
al., 2008) and their deposit feeding, on Ulva sp. and MPB from the realignment 
sediments will encourage erosion further. Nereis will be also having an important role 
in controlling the biomass of Ulva sp. at the site: directly by grazing upon it, and 
indirectly by re-distributing it deeper within the sediments (Nordström et al., 2006; 
Engelsen & Pihl, 2008). 
The opportunistic nature of Nereis feeding behaviour makes it difficult to make general 
conclusions regarding the effects that this widely distributed species has on the 
estuarine environment. The impact that Nereis had at Wallasea Island through its 
feeding behaviour may be markedly different between these two adjacent populations. 
The predominance of deposit feeding on Ulva sp. and MPB on the surface sediments in 
the realignment site may be having a net negative impact on sediment stability and 
accretion by increasing the erosion of the sediment. Within the creeks of the natural 
marsh, Nereis has more complex affect including consuming C. volutator and saltmarsh 
(Spartina sp.) detritus. 
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CHAPTER 5 The effects of exclusion on Nereis diversicolor from 
   the surface of recharged sediments in the Wallasea 
   Island managed realignment site. 
 
Abstract  
Nereis is a rapid coloniser of intertidal sediments throughout the year (Chapter 2) 
including managed realignment sites where they may be present in high densities.  Their 
activities can affect the receiving habitat and colonisation by other invertebrate species, 
young Nereis and saltmarsh plants. An investigation of the effect of Nereis on infauna 
and on its local habitat at Wallasea Island managed realignment was undertaken by 
excluding Nereis from the surface of upper shore sediment for 12 months by inserting a 
195 µm mesh 3 cm beneath the surface. The experiment was on an area of recharged 
sediment slightly lower than other areas of recharged sediment that, unlike these other 
areas, had not developed saltmarsh vegetation as intended. Densities and biomass of 
Nereis above the mesh in the exclusion areas were significantly lower than in control 
areas throughout the experiment. However, in these areas the densities of larvae or 
juvenile Nereis after the spring recruitment were no higher than control densities. The 
community response to the exclusion of Nereis was varied. There was no significant 
effect of Nereis exclusion on Macoma balthica, spionid polychaetes and oligochaetes 
(except in the spring), whereas Hydrobia ulvae had higher densities in the exclusion 
areas. Nereis exclusion resulted in a significantly lower water and organic content of the 
surface sediments during most of the 12 month period. In February, after three months 
of exclusion, diatomaceous mats had developed in the exclusion areas, and in February 
and May chlorophyll a concentrations were higher than the controls. Nereis exclusion 
did not result in a significant increase in densities of Salicornia europaea agg. or 
Spartina anglica.  In the summer the sediments in the exclusion areas were drier than 
the adjacent sediments, and there was a reduction in total faunal densities of 
invertebrates and accretion, and after 18 months, the sediment had accreted by 0.7 cm 
above the mats. 
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5.1 INTRODUCTION  
Nereis is a rapid coloniser of managed realignment sediments in south-east England 
(Paramor & Hughes, 2005, Garbutt et al., 2006). As an important ecosystem engineer 
this may have a significant impact on these habitats and other invertebrates, having 
ecological implications for the developing marsh, and the fish and birds that use these 
areas as feeding and nursery grounds. Nereis, via its feeding and bioturbatory activities, 
may locally reduce sediment stability and benthic algal biomass, and restrict saltmarsh 
development (Paramor & Hughes, 2004; 2005; 2007). Hughes (1999) proposed that the 
effects of invertebrates and in particular, Nereis colonising sediments in realignment 
sites reduce the dynamic equilibrium elevation of the developing mudflat and restrict or 
prevent the early development of the pioneer marsh (e.g. Salicornia europaea agg. and 
Spartina anglica). Differences in sediment elevation may be crucial for the initial 
colonisation of saltmarsh in realignment sites (Garbutt et al., 2006). For example, 
saltmarsh can develop below its assumed lower vertical tidal limit of Mean High Water 
Neap Tide Level (MHWNTL), when in the absence of Nereis and other burrowing 
invertebrates (Hughes, 1999). 
At the Wallasea Island managed realignment (MR) site on the Crouch estuary, sediment 
at a suitable elevation for the development of saltmarsh was created prior to the 
breaching of the old sea wall by recharge, where sediments from the maintenance 
dredging of Harwich harbour were pumped across a 45m wide area at the back of the 
three realignment zones behind a clay retaining bund (Dixon et al., 2008). Most of these 
recharged areas have been colonised by Salicornia europaea agg. (hereafter referred to 
as Salicornia sp.) and other saltmarsh plants at different rates (pers. obs.). A dense 
saltmarsh has developed in Area A (West) but in Area A (East) the sediment remains 
largely devoid of vegetation. The western end of the recharged area at Area A (East) is 
at a slightly lower elevation (2.01 – 2.50 m ODN) than at Area A (West) (2.51 – 3.00 m 
above ODN) (Dixon et al., 2008). This slight difference in elevation may be critical to 
the success of saltmarsh creation as Nereis may have colonised this lower area and be 
preventing saltmarsh development there.  
Field based exclusion experiments are a useful tool for investigating under natural 
conditions the impact that dominant invertebrates have on their benthic environment. 
Similar experiments conducted in south-east England have shown that Nereis exclusion, 
increased sediment stability, promoted accretion, and allowed the growth of 
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microphytobenthos, Ulva sp. and pioneer saltmarsh plants (Paramor & Hughes, 2007). 
It has also been observed that in the absence of large Nereis, there was an increase in 
densities of juvenile Nereis and the spat of bivalves in these areas (Paramor & Hughes, 
2005). Such exclusion experiments may provide insights into some of the effects of 
Nereis on other species, for example indicating that physical disturbances or predation 
by Nereis burrowing and feeding near the surface may reduce densities (Hiddink et al., 
2002). Any effect that Nereis may have on other invertebrates can have consequences 
for fish and birds that feed on shallow burrowing small invertebrates. The development 
of saltmarsh vegetation in managed realignment habitats and the utilisation of vegetated 
areas by fish and birds are used as important indicators of the success of a managed 
realignment scheme (Atkinson et al., 2001; Wolters et al., 2005a). Therefore, it is 
important to understand how Nereis, as a dominant species and an ecosystem engineer, 
is modifying its habitat and affecting management outcomes. 
Nereis disperses and colonise sediments throughout the year in the Crouch estuary 
Chapter 2 (Experiment 1), with an increase in dispersal rates in the summer, particularly 
by larvae and juveniles swimming in the water column. Experiment 2 also showed 
increased dispersal activity on the upper shore at the mudflat-saltmarsh interface where 
Salicornia sp. is developing. In the Wallasea Island MR where the mudflat was not 
recharged Nereis had high densities (2,000 - 4,000 m
-2
), and was mainly feeding on the 
algae Ulva sp. (Chapter 4). Therefore, at Wallasea Island MR, Nereis may have an 
impact upon the habitat of these upper sediments. A 12 month exclusion experiment 
was established within the western recharged areas of Area A (East) at the Wallasea 
Island MR on the Crouch estuary to investigate the potential impact that Nereis is 
having on this new habitat, on the developing vegetation,  and on colonisation of other 
benthic fauna.  
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5.2. METHODS 
 
5.2.1 Study Area 
Wallasea Island is on the south bank of the Crouch Estuary (see Chapter 4 for the area 
map and detailed site information). The exclusion experiment was established at the 
western end of Area A (East) within the realignment, on top of the recharged sediment 
(Figure 5.1). At the start of the experiment this zone was a mudflat with only a narrow 
fringing band of Salicornia sp. and Spartina  anglica (hereafter referred to as Spartina 
sp)  at the front of the new seawall, and the filamentous algae Ulva sp. present but not 
abundant on the mudflat . 
 
 
 
Figure 5.1 Lidar image of Wallasea Island MR showing the location of the exclusion 
experiment in Areas A (East).  The colours represent differences in elevations (above 
Ordnance Datum Newlyn (m)). (LiDAR image provided courtesy of Defra Biodiversity 
Division (collected by Environment Agency Geomatics Group and processed by 
ABPmer, 2007)). 
 
 
Area A (West) 
 
Area A (East) Area B 500 m 
Experimental site 
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5.2.2  Experimental design 
The purpose of the experimental was to prevent Nereis from surface deposit feeding 
over a long time scale (12 months). Different methods have been used to exclude 
burrowing invertebrates, such as Nereis, Arenicola marina and Corophium volutator 
from intertidal soft sediments. This has included sieving (Biles et al, 2003), freeze-
thawing (Bolam et al., 2004), laying sheeting on the surface to create an anaerobic 
environment beneath (Thrush et al, 1996), the application of insecticides (Gerdol and 
Hughes 1993, Emmerson, 1999) and laying mesh directly on top of the sediment surface 
(Paramor & Hughes, 2004, 2005, 2007) or inserting it several cm below the surface 
(Emmerson, 1999; Hughes, 1999; Hughes et al., 2000; Volkenborn & Reise, 2005). 
Sieving is time consuming process, and may affect the granulometric properties of the 
sediment (Stocum et al, 2006). After applying physical defaunation methods, it is also 
expected that macrofauna will recolonise within only a few months (Chapter 2) (Thrush 
et al, 1996). Applications of insecticides are an efficient method of killing some fauna 
and a deterrent to further colonisation, however, re-application every 2-4 weeks would 
be required (Emmerson, 2000) potentially impacting the environment. Laying mats on 
top of the sediment prevents some infauna from reaching the surface to feed, and in 
particular Nereis which often deposit feeds (Paramor & Hughes, 2005; Paramor and 
Hughes, 2007). However, such methods have been criticised for encouraging sediment 
deposition as the mats initially stabilise the sediment surface too (Morris et al, 2004; 
Wolters et al, 2005 (b)). Insertion of mesh a few cm below the surface avoids this, but 
the sediment above the mesh could be colonised by invertebrates isolated from the 
disturbance or predation by the large deep-burrowed ones, although this would identify 
natural interactions between them.                       
In this study the long term exclusion of Nereis was achieved by burying a mesh barrier 
by removing the top 3cm of sediment, inserting a 0.75 x 0.75 m (195μm) nylon mesh, 
and placing sediment previously defaunated by freeze thawing twice on top to be flush 
with the surrounding undisturbed sediment (Treatment M). The mats were inserted in 
early winter to coincide with the dispersal of Salicornia sp seedlings. In procedural 
controls the top 3 cm sediment was removed and replaced with defaunated sediment, 
but with no mesh inserted (Treatment PC). Control areas were natural sediment that had 
not been disturbed (Treatment C). To test the effect of repeatedly sampling the control 
areas, undisturbed plots were included which were only sampled after 12 months 
(Treatment NC). There were six replicate plots of each of the four treatments(C, PC, M 
* 
Area A (West) 
Breach 2 
Breach 4 
Breach 6 
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and NC), and each experimental plot was 0.75 x 0.75m, and positioned 2m away from 
others. The twenty-four plots were arranged as a replicated block design (Figure 5.2 & 
5.3) with each of the three blocks at least 10m away from one another. 
 
 
 
 
 
Figure 5.2 Replicated (randomised) block design of the experiment, showing the 
randomly assigned 0.75m
2
 plot types within blocks I – III (not to scale). Numbers 
represent the replicate number for each plot.  
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Figure 5.3 Photograph of the experimental blocks I and II in Area A (east) at 
Wallasea Island Realignment (looking northeast), taken in February 2010. 
 
5.2.3 Field methods 
The experiment was established on the 2nd December 2008. At the start of the 
experiment samples for determination of water and organic content were taken from the 
C, PC and M plots by scooping a small amount of surface sediment. Samples for 
determination of chlorophyll a concentration were also taken with a small corer of 15 
mm internal diameter pushed into the sediment to a depth of 5mm. The depth of 
sediment above each mesh plot (Treatment M) was recorded ten times by inserting a 
rule into the sediment until it met with the resistance of the mesh. The level over each 
mat was taken as the mean of these ten records. This sampling procedure was repeated 
every three months until November 2009.  
Macrofauna samples were taken after three, six, nine, and twelve months. Cores were 
taken to a depth of 20cm from the C and PC plots and down to the mesh in the M plots, 
a depth of approximately 3cm. Any plants within a plot were recorded. From the end of 
August 2009 measurements were also made of the surface shear strength using a 
Torvane Meter. In November 2009 the NC plots were also sampled for macrofauna to 
check for any effects of repeatedly sampling the controls over the 12 month period. 
Block II  
Block I 
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Three and six (February and May 2010) months after this; photographs of the plots were 
taken, any plants in the plots were identified and counted and the depth of sediment 
above the M plots was again recorded.  
 
5.2.4 Laboratory methods  
The 3 cm deep cores from the M plots were sieved through 250 µm and 125 µm mesh 
sieves to retain any small shallow burrowing invertebrates. The 20cm deep cores from 
the C and PC plots were sectioned horizontally and the top 3cm sieved in the same way 
and the remaining 17cm sieved with a 500 µm sieve to retain the larger deep burrowing 
invertebrates (see Chapter 2). The sieved samples were fixed in 4 % buffered formalin 
solution and stained with Rose Bengal.  For identification the samples were washed to 
remove traces of formalin and the invertebrates identified to the lowest possible 
taxonomic level and enumerated by use of a dissecting microscope. The meiofauna 
(nematodes and harpacticoid copepods) were not identified further but were counted. 
Seeds and seedlings of Salicornia sp. were counted, and the stage of germination 
identified according to Davy et al. (2001). All Nereis and the bivalve Macoma balthica 
were preserved in 70 % IMS. L3, total body length, number of chaetigerous segments 
and blotted wet weight of Nereis were recorded (see Chapter 2 for methods). In 
addition, the shell lengths of all M. balthica sampled after 9 months of exclusion, were 
measured along anterior-posterior axis. The water and organic contents of the sediment 
were measured using the methods described in Chapter 3, section 3.3.2. 
Chlorophyll a was extracted from the 0.88 cm
3
 sediment cores within a few hours of 
collection by thoroughly mixing with 5ml of 90% acetone. The samples were 
refrigerated overnight and centrifuged at 3000 rpm for 5 minutes. The light extinction at 
665 λ and 750 λ of the supernatant were measured using a Spectrophotometer, and re-
measured after the addition of two drops (0.25 ml) of 10% HCL to correct for the 
presence of phaeophytin. The Chlorophyll a concentration of the surface sediment (mg 
chl a gˉ¹ sed) was calculated using the following equation (Equation 1) 
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Equation 1 : 
      
    
la
vKA aabb

 750665750665
    
 
 
Where: 
 
A = absorption coefficient of chl a, 11.0 
K = factor to equate the reduction in absorbance to initial chlorophyll  
 concentration, 2.43 
665b = the extinction at 665 nm before acidification 
665a = the extinction at 665 nm after acidification 
750b = the extinction at 750 nm before acidification 
750a = the extinction at 750 nm after acidification 
v = volume of acetone extraction (ml) 
a = weight (g)  
I = path length of cuvette (1)      
 
(After Dalsgaard et al, 2000). 
 
 
 
 
 
 
5.2.5 Data analyses 
All data were checked for normality using the Anderson-Darling test and homogeneity 
of variances using the Bartlett test. Data not satisfying the assumptions of ANOVA 
were square root-transformed. The abundances of organisms are expressed as number 
per square meter (no.m
-2
). The differences in densities of Nereis,  and other abundant 
taxa, between treatments and time were analysed using repeated measures analysis of 
variance (RM-ANOVA), in which treatment and time were fixed factors and block was 
considered as a random factor (Chapter 2, section 2.2.4).  
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5.3 RESULTS 
5.3.1 Effect of exclusion on invertebrate fauna 
Figure 5.4 shows the mean densities of Nereis for the C, PC (20cm deep) and M (3cm 
deep) plots throughout the experiment and in Table 5.1 the results from RM-ANOVA. 
The densities in all three treatments increased in the spring, but for the C and M 
treatments there was a subsequent decline during the summer and autumn. There was a 
significant difference among the three treatments, over time, and a significant 
interaction term between these two factors. Results from the post-hoc ANOVA Tukey 
multiple comparison tests revealed that throughout the experiment there was 
significantly fewer Nereis in the M plots compared to the C, and also for the last six 
months of the experiment significantly fewer than in the PC plots. However, throughout 
the experiment there were no significant differences between densities of the C and the 
PC plots. Therefore, the M treatment was successful in maintaining the long term 
exclusion of Nereis. There was a significant block effect detected from the repeated 
measures ANOVA, and figure 5.5 shows the differences among blocks and treatments. 
A greater level of colonisation was occurring on the PC and M plots within 
experimental block II. 
 
Figure 5.4 The mean densities of Nereis (± SE, n = 6) for the Control (C), 
Procedural control (PC) and Mesh (M) plots. Non-sampled control data (NC) is shown 
as a bar.  
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Table 5.1 Two-way repeated measures ANOVA analysis for SQRT transformed Nereis 
densities. df are the degrees of freedom, SS  the sum of squares, MS the mean square, F 
is the test statistic and P its associated probability value * = (p  = < 0.05). 
 df  SS (adj)  MS (adj) F P 
      
Treatment 2 8588.4 4294.2 43.42 < 0.0001* 
Time 3 6768.0 2256.0 22.81 < 0.0001* 
Block 2 1266.4 633.2 6.40 0.003* 
Treatment * Time 6 1503.9 250.7 2.53 0.030* 
Error 58 5736.3 98.9   
Total 71 23863.1    
 
 
 
Figure 5.5 Mean densities of Nereis for each treatment, for each of the three 
experimental blocks (densities pooled from all sample dates). 
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Figure 5.6 shows the L3 length frequencies for Nereis for each treatment throughout the 
experiment. Nereis from the C and PC plots had maximum L3 lengths of 2.90 mm, but 
only 2.50 mm in the M plots. Recruitment of Nereis occurred during the spring as there 
was a significant peak in densities of small worms with L3 lengths less than 0.50 mm in 
all three treatments by May. By the end of August there was no cohort of small worms 
with L3 lengths < 0.50 mm indicating the cessation of recruitment. The L3 frequencies 
were similar in all three treatments and small worms in the top 3cm of sediment were no 
more abundant in the M treatment than the C and PC treatments.  
The frequency distributions of Nereis with different number of chaetigerous segments 
also showed no difference between the three treatments (Figure 5.7). No worms with 
fewer than six segments were recorded during the experiment, and only a few 
individuals with fewer than 11 were found in May in the C and M plots. There was a 
distinct peak in worms with 11 to 40 segments in May in all three treatments, but by 
August most worms were larger; having 41 - 60. 
There was an increase in biomass of Nereis in all treatments over time (Figure 5.8), but 
the biomass of worms in the M plots was low throughout. The period of recruitment 
prior to May was not reflected in a change in biomass, with exception of the PC 
treatment where there was an increase, resulting in no difference with the natural 
population. Biomass did increase during the summer, when in August there were a 
greater proportion of large worms present.  
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Figure 5.6 Length L3 (mm) frequency distributions of Nereis sampled every 3 months 
from the control (C), procedural control (PC), and mesh (M) plots. 
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Figure 5.7 The number of chaetigerous segments of Nereis recorded in the Control (C), 
Procedural Control (PC) and Mesh (M) plots.  
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Figure 5.8 Seasonal change in mean biomass (dry weight g.m
-2
) of Nereis  
 
  
Figure 5.9 shows the change in mean densities of the other macrofauna species, sampled 
from the C, PC and M plots throughout the experiment and in Table 5.2 the results from 
the RM-ANOVA. There was a significant seasonal change in densities in all taxa with 
all (except M. balthica) exhibiting a peak in May and a decline by August. The spionid 
polychaetes had consistently lower densities in the M treatment, but the post-hoc 
ANOVA (Tukey) only revealed significantly differences between PC and M plots in 
November. The most abundant species (with exception of nematodes and harpacticoid 
copepods) was the small gastropod Hydrobia ulvae, with mean densities often 
exceeding 10,000 m
-2
.  H. ulvae densities were always greater in the M plots than the C 
plots but the Tukey multiple comparisons test reveal that only for the first six months 
were the densities significantly higher. By August,only PC had greater densities than 
the C plots, and by the end of the experiment there was no significant difference among 
treatments. There was no overall significant difference among the treatment plots for 
densities of oligochaetes. However, results of the post-hoc ANOVA Tukey test, showed 
that in May there were significantly higher densities in the M plots than in the C and PC 
plots (p = < 0.05).  
There was a significant increase in densities of M. balthica during the summer and 
autumn in the C and PC plots (Figure 5.10). The densities in the M treatment remained 
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low during the 12 months and at the end of the experiment these were only significantly 
lower than in the C and PC plots (Tukey post-hoc tests). There was a large variability in 
the C and PC plots in August, with large numbers settling in these areas in experimental 
Block II only.  This is reflected in the significant block effect Table 5.2, and the mean 
densities for each treatment within each block that are shown in Figure 5.10. Figure 
5.11 shows the size-frequencies of M. balthica in August and November 2009. In 
August in all treatments the modal size was 0.25 – 0.50 mm, but with 55 individuals in 
the controls, and only 9 and 5 for the PC and M plots respectively. By November the 
population had a greater proportion of larger clams, however there were no year 1 
individuals present (i.e. shell lengths > 10 – 11mm, Meziane & Retiére, 2001) even in 
the C treatments. Thus the exclusion of Nereis in the M plots did not result in higher 
densities of M. balthica, or a difference in sizes of clams colonising these areas. 
 
 
Figure 5.9 Change in mean densities of taxa sampled from the control (C), procedural 
control (PC) and mesh (M) plot. 
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Table 5.2 Two-way repeated measures ANOVA analysis for SQRT transformed 
macrofauna densities. df are the degrees of freedom, SS  the sum of squares, MS the 
mean square, F is the test statistic and P its associated probability value * = (p  = < 
0.05). 
  df  SS (adj)  MS (adj) F P 
       
Spionids Treatment 2 1552.5 776.2 4.92 0.011* 
 Time 3 2124.7 7082.4 44.85 <0.0001* 
 Block 2 4492.4 2246.2 14.22 <0.0001* 
 Treatment * Time 6 2337.7 389.6 2.47 0.034* 
 Error 58 9158.7 157.9   
 Total 71 3878.5    
       
H. ulvae Treatment 2 2043.8 10219.0 25.49 <0.0001* 
 Time 3 10604.8 3534.9 8.82 <0.0001* 
 Block 2 459.3 229.7 0.57 0.567 
 Treatment * Time 6 7307.2 1217.9 3.04 0.012* 
 Error 58 23248.1 4008.   
 Total 71 62057.4    
       
Oligochaeta Treatment 2 654.6 327.3 2.65 0.079 
 Time 3 12365.6 4121.9 33.41 <0.0001* 
 Block 2 1429.3 714.7 5.79 0.005* 
 Treatment * Time 6 2133.0 355.5 2.88 0.016* 
 Error 58 7156.0 123.4   
 Total 71 237838.6    
       
M. balthica Treatment 2 3995.8 1997.9 6.61 0.003* 
 Time 3 8236.3 2745.4 9.08 <0.0001* 
 Block 2 2845.8 1422.9 4.70 0.013* 
 Treatment * Time 6 3799.5 633.2 2.07 0.068* 
 Error 58 17542.7 302.5   
 Total 71 36420.1    
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Figure 5.10 Mean densities of M. balthica for each treatment, in each of the three 
experimental blocks (densities pooled from all four sample dates). 
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Figure 5.11 Size-frequency distributions of M. balthica in August and November 2009 
(9 months and 12 months post exclusion) for the controls (C), procedural controls (PC) 
and mesh (M) plots. 
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5.3.2  Effects of exclusion on sediment parameters  
Figure 5.12 shows the change in water and organic content and Table 5.3 the results of 
the RM-ANOVA. There was a significant and similar temporal trend in water content 
across all treatment plots being high in winter, a decline in the spring and summer and 
an increase in autumn. There was relatively low water content in the sediments above 
the mesh and the highest were in the controls. Results from the post-hoc ANOVA 
Tukey test revealed no significant differences in the water content of the natural 
sediments and the freshly placed defaunated sediments of the PC and M plots at the start 
of the experiment. However, after three months the M plots had significantly lower 
water content than the C plots, but by May there was no difference between all three 
treatments. In August, following a reduction in water content, the PC and M were 
significantly drier than the C plots and by the November the sediments above the mesh 
were still significantly drier than C.  
There was a significant temporal increase in sediment organic content in all treatments. 
The highest organic content was in the C plots, followed by the PC and then the lowest 
values in the M plots. There was no significant difference in organic content between 
the treatments at the start of the experiment in December, and at the end of May. 
However, by the end of the experiment both the C and PC plots had significantly higher 
organic content than the sediments above the mesh plots. 
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a)             b) 
Figure 5.12 Change in mean water content (%) (a) and organic content (%LOI) (b) of 
the sediments for the control (C), procedural control (PC) and mesh (M) treatments. 
 
Table 5.3 Two-way repeated measures ANOVA analysis for water content and organic 
content of the surface sediments. df are the degrees of freedom, SS  the sum of squares, 
MS the mean square, F is the test statistic and P its associated probability value * = (p  = 
< 0.05). 
  df  SS (adj)  MS (adj) F P 
       
Water content Treatment 2 1120.80 560.40 13.58 <0.0001* 
 Time 4 428.00 214.00 5.19 <0.008* 
 Block 2 2279.97 569.99 13.82 <0.0001* 
 Treatment * Time 8 457.64 57.21 1.39 0.217 
 Error 73 3011.47 41.25   
 Total 89 7297.88    
       
Organic content Treatment 2 26.33 13.17 22.79 <0.0001* 
 Time 4 52.39 13.10 22.67 <0.0001* 
 Block 2 3.55 1.77 3.07 0.052 
 Treatment * Time 8 3.75 0.47 0.81 0.595 
 Error 73 42.75 0.58   
 Total 89 128.19 
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At the end of the summer (26th August 2009) there was a change in the appearance of 
the sediment surface above the mats (e.g. see Figure 5.19). The sediment was firmer, 
with a dry crust at the surface with deep cracks appearing where de-watering within the 
shallow sediments may have taken place. This was reflected in the low water content 
(Figure 5.12). In order to determine differences in stability of the sediment surface, the 
shear strength was recorded (Figure 5.13). A pair-wise one-way ANOVA showed 
significantly higher shear strength of the surface sediments in the M plots compared to 
the C plots. This difference was short term, as by the end of November, there was only a 
significant difference between the C and PC plots and there was a reduction in stability 
across all plots in the autumn period. However, 3 and 6 months later the M plots were 
again had significantly higher shear strengths than the C and PC treatments.  
 
 
Figure 5.13 Mean (± S.E, n = 6) shear strength (kg.cm 
-2
) for each treatment in August 
and November 2009 and February and May 2010. * indicates a significant difference (p 
= < 0.05) (post-hoc ANOVA Tukey test).  
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Figure 5.14 shows the change in mean depth of sediment measured above the mesh in 
each of the six replicate plots over time. All six plots exhibited a similar trend with an 
increase in depth in May, followed by a reduction in August. The depth of sediment 
above M5 (a Block III plot) showed that it was not inserted as deep as the other plots, 
with an initial mean depth of only 2.3 cm compared with approximately 3 cm for the 
other plots. Figure 5.15 shows the M5 plot in February 2010 (15 months post 
exclusion), with the sediment above the mesh above the surrounding sediment. This was 
not observed in the other five M plots.  
There was overall accretion of sediment above the M plots (Figure 5.16). In August 
there was a reduction in sediment elevation when the sediment dried compacted and 
shrunk. Subsequently sediment elevation increased and by May 2010 (18 months post 
exclusion) only to by approximately 0.70 cm above the mats. 
 
 
Figure 5.14 Seasonal change in the mean depth of sediment (± SE, n = 10 
measurements) above the mesh (cm) for each of the six replicate M plots. 
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Figure 5.15 Photograph of the Block III M5 plot at 15 months post exclusion (February 
2010). Note the sediment above the mat is higher than surrounding sediment. 
 
 
 
Figure 5.16 Seasonal change in mean sediment accretion (± SE, n = 6 plots) above the 
mesh. The dashed line represents the mean depth of sediment above the mesh plots at 
the start of the experiment in December 2008. 
 
5.3.3 Chlorophyll a concentration and vegetation cover 
Figure 5.17 shows the temporal change in chlorophyll a content of the surface 
sediments for each treatment. At the start of the experiment there was higher 
chlorophyll a in the controls than for the PC and M. However, after three months the PC 
and M treatments had higher values than C which continued to decline through to May. 
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In February there was a well developed and obvious layer of microphytobenthos on the 
surface of the M plots compared to the other treatments with no mesh (Figure 5.18). In 
May the M treatment had higher chlorophyll a concentrations but by August there was 
no change in values for M, but an increase in the PC and C plots. By November there 
was a reduction in chlorophyll a in all three treatments. 
 
 
Figure 5.17 Seasonal change in mean chlorophyll a content of the surface sediment (± 
S.E, n = 6) for the Controls (C), Procedural Controls (PC) and Mesh (M) treatments. 
 
    
Figure 5.18 Photographs taken 3 months (28
th
 February 2009) after the start of the 
exclusion experiment showing a C (a), PC (b) and an M (c) plot.  
(a) C (b) PC (c) M 
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Although Ulva sp. was present on sediment in the vicinity of the experiment, there was 
no visible development of the alga in any of the treatments. Similarly there were few 
saltmarsh plants in any plots. After six months (May 2009) there were only a few young 
shoots mainly of Salicornia sp., in the two M plots in Block III which reached 
maximum heights of 2 cm. At the end of August, these plants had disappeared, with 
only some shoots of Spartina sp. in a mesh plot within Block III (M6 plot) (Figure 
5.19). In May 2010 (after 18 months) there were still saltmarsh plants present only in 
the M plots in Block III. In the M6 plot there was one tall and 19 short shoots of 
Spartina sp. and four short shoots of Salicornia sp. In the M5 there were seven short 
shoots of Salicornia sp. and one of Spartina sp. 
 
 
       
Figure 5.19 Photographs taken of a M plot at: 3, 6 (close up), 9, 12 and 15 months post 
exclusion (Block III plot M6) with a Spartina sp. framed. Note the cracked and dry 
appearance of the sediment surface in August 09. 
 
 
 
Feb 09 (3 mo.) 
Feb 10 (15 mo) Nov 09 (12 mo.) 
Aug 09 (9 mo.) May 09 (6 mo.) 
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Figure 5.20 (a-d) shows the mean densities of the three early germinating stages of 
Salicornia sp. seedlings recorded in the upper 3 cm of the sediments. Any seedlings 
observed at greater than 3cm depth from cores sampled from the C and PC were 
discounted as it was assumed that they were too deep to develop. For each of the three 
stages the change in densities over time across treatments was consistent. There were 
higher densities of seeds (Figure 5.20 (a)), in the M plots three months post exclusion, 
but during the spring and summer there was a reduction in these plots and other 
treatment plots where no seeds were recovered. By November there was an increase in 
the density of seeds but only in the control treatment. For the early germinating stage 
(Figure 5.20 (b)) there was a reduction in the spring, a peak in the summer, followed by 
a decline in the autumn, and with no treatment showing an overall significant higher 
density than others. For the later stage there were higher densities in the M plots than 
the PC and C areas, but from the spring there was a decline across all treatments. When 
all Salicornia sp. seedling stages were pooled (Figure 5.20 (d)) there were higher 
densities in the M plots for all sampling dates with a peak in February and August 2009, 
but this was not significant. 
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Figure 5.20 (a-d) Mean densities of Salicornia sp. seedlings present in the upper 3 cm 
of the sediments of the C, PC and M plots. Plot (d) shows the mean densities pooled 
from all three developments stages of Salicornia sp (Images of Salicornia sp. from 
Davy et al., 2001). 
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5.3.4 The effect of repeat sampling 
Samples were taken from the non-sampled control (NC) plots in November 2009 (after 
12 months) to reveal any differences between these undisturbed plots and the repeatedly 
sampled C plots. One-way ANOVA confirmed that there was no significant effect: p = 
> 0.05) of repeatedly sampling the control plots on the mean densities of taxa (Figure 
5.21, There were, however, higher mean densities of M. balthica in the NC plots, but 
the associated high variability recorded was due to over 70 individuals being recorded 
from a plot within block II. There was no significant difference in water content of the 
sediments (One-way ANOVA: F = 0.79, p= 0.396) and chlorophyll a (One-way 
ANOVA: F = 0.87, p = 0.373.) However, there was significantly higher organic content 
in the C areas than the NC areas. (One-way ANOVA : F = 6.89, p = 0.025) (Figure 
5.22).  
 
Figure 5.21 Mean densities of key fauna, sampled from the controls (C) and non-
sampled controls (NC), at the end of the experiment (November 2009, 12 months post 
exclusion).  
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Figure 5.22 Mean water and organic content, and chlorophyll a concentration of the 
surface sediments (+ SE, n= 6) for the control (C) and the non-sampled control (NC) 
plots sampled after 12 months (November 2009). 
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5.4 DISCUSSION 
 
The aim of the experiment was to examine the effect of Nereis on the habitat, other 
invertebrates and saltmarsh development, without the method affecting the results. In 
experiments where mats were laid directly on top of the sediment surface (Paramor & 
Hughes, 2004; 2005), these approaches have been criticised for artificially stabilising 
the sediment surface, therefore promoting sediment accretion and plant colonisation 
(Morris et al., 2004; Wolters et al., 2005b). However, this method has since been 
defended in that the presence of the mats while initially promoting rapid sediment 
deposition, quickly become buried and cease to have such a direct effect (Paramor & 
Hughes, 2007). In this experiment the burial of the mesh at 3 cm depth would have 
reduced any initial promotion of sediment deposition, and that it was the restriction of 
large burrowing invertebrates such as Nereis that would be the main influence in these 
areas. One of the meshes was initially buried at a shallower depth, and after 15 months 
the sediment above this mat was sitting above the ambient sediments (Figure 5.15). It is 
not clear if this was an incidental result, or highlights the potential limitation of 
inserting mesh below or on top of the sediment surface. 
The experiment at Wallasea Island MR was successful in excluding large deep 
burrowing Nereis from the surface but the smaller Nereis in the shallow sediments were 
not more numerous in the M plots than in the controls, as was reported in similar 
experiments in other managed realignment sites (Paramor & Hughes, 2005). The 
absence of deposit feeding large Nereis may be expected to encourage recruitment of 
small Nereis, as younger worms are only able to colonise the spaces between the 
feeding areas of adults (Reise, 1979). Recruitment was observed in May, but the 
scarcity of small worms in the other three samples indicates a single recruitment period 
for Nereis at this site, and is in contrast to the continuous recruitment observed upstream 
at Bridgemarsh Creek (Chapter 2). The population at Bridgemarsh had a lower density 
(< 1,500 m
-2
) than at Wallasea (<4,000 no.m
-2
), and at Bridgemarsh densities were 
highest in late August, whereas here they were lower than earlier in the year. 
 
The colonisation of soft sediments by invertebrates will not be uniformly distributed, 
and there was a significant variation in the densities of Nereis and M. balthica across 
the experimental area, with significantly higher densities in Block II (Figure 5.5 and 
5.10). A small channel developed near this block connecting the lower mudflats with 
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the recharged areas, and this may have facilitated colonisation rates for these species 
(Figure 5.23). Colonisation of defaunated sediment can be also dependent upon patch 
size, and the 75 x 75 cm plots used in this experiment may have been too small. 
Colonisation by fauna would have been expected to occur at the edges of the plots, and 
this may have subsequently reduced the potential impact that the exclusion had on the 
experimental areas. 
 
 
Figure 5. 23 Photograph of experimental Block II looking seaward, taken in November 
2009. 
The relatively low densities of M. balthica in the C and PC plots in February and May 
and the higher densities in August and November (Figure 5.9) may be due to post-
settled migrations by juveniles which undertake two migrations (Hiddink & Wolff, 
2002).  The first is a migration in the middle of the year from their primary settlement 
habitats on the lower shore to nursery areas on the high shore. The second is from the 
high shore, to the low shore and subtidal during the winter and early spring. There was a 
decline in Nereis and other invertebrates during the summer, which may have provided 
more space for post-settled M. balthica, however, fewer M. balthica settled in the 
exclusion plots despite the exclusion of large Nereis. At the Orplands and Tollesbury 
managed realignment sites on the Blackwater estuary Nereis exclusion experiments 
caused an increase in M. balthica settling in the Nereis exclusions plots (Paramor & 
Hughes, 2005). However, further experiments on the Blythe estuary (Suffolk) did not 
report such an effect (Paramor & Hughes, 2007). The authors suggest that the 
differences were due to the short-term nature of the Blythe experiment, but also 
concluded that the high densities of Nereis in the local control areas would have still 
had an effect on the settlement of other species in the exclusion areas. Migrations of M. 
Block II 
channel 
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balthica away from Nereis have been reported in tidal flats of northern France (Meziane 
& Retiére, 2001), and a negative spatial relationship between these two species in the 
Wadden sea possibly due to predation pressures and disturbance has also been reported. 
(Hiddink et al., 2002).  
It may be difficult to isolate a single organism for exclusion in practice without 
excluding other species; however, there were no other deep burrowing invertebrates that 
would have been prevented from accessing the surface. Surface and shallow burrowing 
species, which can also have an important functional role, would not have been 
permanently excluded using this method. H. ulvae was abundant above the mats and by 
deposit feeding on the sediment surface may reduce sediment stability (Anderson et al., 
2002), having a similar effect to Nereis. The increase in M. balthica in the C and PC 
plots may have also had an effect on the habitat. Young M balthica are mainly deposit 
feeders on benthic microphytobenthos, but exhibit an ontogenetic shift in behaviour 
where as they get older, they suspension feed more (Rossi et al., 2004). The upper shore 
at the recharged sediments was occupied by young (< 10 mm, Group-0) M. balthica 
clams, so therefore they would have been deposit feeding on the surface sediments. 
After 12 months of exclusion (November 2009) the sediment above the excluded plots 
had accreted by only approximately 0.6 cm, but later increased to over 1cm by February 
2010. The sediment was accreting above the mesh by approximately 0.1 cm.month
-1
. 
which is less than earlier, similar exclusion experiments which had observed accretion 
rates of 0.33 and 0.55cm.month
-1
 (Paramor & Hughes, 2005; 2007).  During the 
experiment, in August, there was a rapid decrease in the height of sediment above the 
mesh, where it had become dried and compacted (Figure 5.19), with significantly lower 
water content and higher shear strength. During the five days prior to sampling on the 
26
th
 August (9 months post exclusion) there were spring tides, and, therefore the 
experimental plots would have been immersed twice a day. These visible changes for 
the M plots were not observed for the other treatment plots, but was similar to the 
surface of the higher recharged sediment in other areas a few months after the site was 
breached in 2006 (pers. obs) where subsequently saltmarsh has developed. This drying 
and cracking of clay-rich sediment is also comparable to high-saltmarsh habitats which 
have low tidal immersion times (Bolam et al., 2004), and at „trial‟ beneficial use 
schemes in SE England using recharged sediments (Widdows et al., 2006). The water 
content of the sediment was significantly lower in the M plots than the others 
throughout most of the experiment, but the mesh is unlikely to have contributed to the 
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sediment drying directly by restricting the exchange of water between the deeper 
sediments and the surface. The reduction in water content had occurred across all plots 
in the summer (Figure 5.13), suggesting that it was not the mat, but in part due to 
natural seasonal cycle that was causing this decrease. Changes in Nereis densities 
colonising recharged sediments have been shown to be positively related to water 
content, and the erodibility of the sediments (Widdows et al., 2006).  It is possible, that 
the cracking, drying nature of sediments at this tidal height are an effect of reduced 
bioturbatory activity of Nereis, whereby water, for example, is not allowed to penetrate 
the sediment surface as much. 
After three months obvious diatomaceous mats were visible on the sediment surface of 
the M areas (Figure 5.19) and higher chlorophyll a content recorded. These 
observations are similar to those in similar Nereis exclusion studies at other managed 
realignment sites (Paramor & Hughes, 2005). The promotion of microphytobenthos will 
probably have been due to preventing Nereis surface deposit feeding, as they feed on 
benthic diatoms; significantly reducing their abundances (Smith et al., 1996). In earlier 
exclusion experiments at Tollesbury, a dense covering of Enteromorpha sp. (= Ulva sp.) 
had occurred over the exclusion zones in the summer, which had followed the 
colonisation by microphytobenthos in the spring (Paramor & Hughes, 2005).In this 
experiment, there was no later development of Ulva sp. in the exclusion areas. Ulva sp. 
is an important food source for Nereis in SE England (Chapter 3 and 4), and its biomass 
can be directly controlled by Nereis via surface grazing, and indirectly by burial and 
redistribution from bioturbatory activities (Nordström et al., 2006; Engelsen & Pihl, 
2008).  Ulva sp. was abundant at the edges of the Salicornia sp. zone in front of the new 
sea wall, and therefore sporelings should have been available. 
Salicornia sp. shoots were observed in May, but low in numbers and by August no 
plants were seen; only Spartina sp. had developed in one of the M plots. This is contrast 
to the results of Paramor & Hughes (2005 & 2007) which showed that exclusion of 
Nereis led to development of pioneer saltmarsh on the mudflat. In 2006, sediment at 
Wallasea was pumped on to the back of the site to raise it to an initial elevation of + 3.3 
m ODN. After subsequent settlement had occurred it was expected to reduce to + 2.7 m 
ODN; but still higher than MHWN level of + 1.85 m ODN for the Crouch (ABPMer, 
2004). The LiDAR image taken in 2007 show the western end of Areas A (East) is at a 
lower elevation (2.01 – 2.50 m ODN) than the rest of that compartment, and verses 
Areas A (west) and Area B (Figure 5.1).  Figure 5.24 shows a satellite image of the 
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Area A (West) and (East) compartment captured in December 2006, almost 6 months 
after the initial breach. It is clear from the image that sediment is eroding away from the 
western end of Area A (East) and that it is at a lower elevation to the other recharged 
areas. In the sections where the recharged sediments are higher Nereis is absent or 
scarce, partly because the sediment bakes dry during summer and they cannot penetrate 
the crust to feed (RGH pers com.). Saltmarsh has developed here. The lower elevation 
of the experimental area may have hindered the development of pioneer marsh because 
it is too low and the sediment too wet and promoted colonisation by Nereis.  
The 12 month experiment at Wallasea MR has highlighted the importance that Nereis 
can have on the stability of the sediment by reducing its capacity to burrow and feed at 
the surface sediments. Successful development of pioneer marsh did not occur within 18 
months in the excluded areas, which was initially interpreted to be a suitable time frame 
for colonisation to occur. However, the 12 month period was long enough to highlight 
seasonal changes of the dominant invertebrates at the realignment and how this can alter 
the local habitat in which they reside. Field manipulation experiments are valuable to 
our understanding of an organisms‟ role within its natural environment. However such 
studies will always be constrained by spatial and temporal scales. Caution must be 
applied before using the results from small scale studies in context of current 
conservation management decisions (after Bolam et al., 2004). 
 
Figure 5.24 Wallasea Island managed realigment areas A (West) and A(East) taken 6
th
 
November 2006 (Image from Google Earth, 2010) * represents the site of the exclusion 
experiment. The higher drier recharged areas to the west and east of the experimental 
area are browner and can be seen against the new sea wall and behind the retaining 
bund.  
 
* 
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CHAPTER 6  GENERAL DISCUSSION 
 
The main aims of this thesis were to investigate and characterise the dispersal, feeding 
behaviour and inter-specific (and sedimentary) interactions of Nereis in high intertidal 
sediments of SE England. This information was necessary to allow a better 
understanding of its role as an ecosystem engineer within such habitats.  Previous 
studies have shown how Nereis will affect the upper shore sediments through its feeding 
and bioturbatory behaviour destabilising the sediments, controlling algal biomass, and 
restricting the establishment and development of marsh vegetation (Emmerson, 1999; 
Hughes, 1999; Paramor & Hughes, 2004, 2005, 2007). These experiments reported 
similar results, and had been conducted at different sites in SE England (Hamford 
Water, Crouch, Blackwater, Blyth), and often over long time scales. However, the 
extent of the impact that Nereis can have may be determined by how successful a 
population is at colonising and maintaining its population via its dispersal behaviour, 
and how they are feeding at these high shore sediments. 
The experiments in Chapter 2 showed that in the summer young Nereis was mainly 
entering the water column for dispersal, whereas adults were crawling across the 
sediment surface throughout most of the year. However, there was variation in the 
estimated age that the worms will first enter the water column. At Leigh-on-Sea 
(Experiment 2, Thames estuary) most were larvae less than 5 weeks old, whereas at 
Bridgemarsh Creek (Experiment 1, Crouch estuary) they were all greater than 8 weeks 
old, and mainly juveniles. The greatest water column dispersal activity was occurring at 
the saltmarsh-mudflat interface, however, the potential distances travelled at this tidal 
level was found to be short (< 1.5 m). Passive versus active dispersal behaviour was not 
tested, and the potential for passive dispersal may differ between sites. Larvae of Nereis 
have been recorded in sediments where no adults were present (Smith, 1964), indicating 
that they had been swept up with tidal currents along the estuary. The timing of the 
breach in 2006 at Wallasea Island managed realignment, may have been significant. The 
high densities of Nereis that were observed in these newly accreting sediments (Chapter 
4) may be related  to the site being breached in the summer, thus coinciding with the 
period of peak water column dispersal for Nereis. 
A multiple or a continuous spawning season in Nereis is generally observed in southern 
populations in Europe, where it is also hypothesised that there may be selection pressure 
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for a long breeding season across variable environments, but only when temperatures 
are favourable for reproduction (Abrantes et al., 1999). In Chapter 2, continuous 
recruitment of small worms (Length L3 < 0.50 mm) over a 12 month period was 
observed at Bridgemarsh Island on the Crouch estuary, suggesting that Nereis was 
reproducing throughout the year. However, quarterly samples taken from the accreting 
sediments from the same estuary at Wallsaea Island (Chapter 5), found a significant 
peak in these small worms in late May, indicating that at this site the population was 
spawning once in early spring; resulting in a single recruitment event. Further 
investigations examining oocyte development, and thus the synchronisation of 
spawning events across SE England may reveal important reproductive patterns for this 
species. 
The feeding behaviour exhibited by Nereis is important, as how it feeds within 
sediments can affect its environment and inter-specific interractions. Nereis was 
predominantly deposit feeding across SE England, where filamentous macroalgae (Ulva 
sp.), SOM, and marsh detritus was important. However, suspension feeding was 
evident, and in particular at the relatively cleaner estuarine sites. Thus these results, in 
general, support the hypothesis outlined in Chapter 3. The application of a multiple 
isotope approach (δ 13C and δ 15N) in determining which dietary sources are important 
to Nereis in SE England was proven to be useful. The carbon signatures were distinct 
and had generally low standard deviations, thus the separation of the relative importance 
of differences sources was possible (C3 and C4 plants, POM, SOM, macroalgae and 
MPB). However, Nereis feeding both as a predator and on primary sources of algae and 
detritus can obscure traditional trophic levels in estuarine invertebrates (Brusati & 
Grosholz, 2009). Nereis feeding as a secondary consumer was evident when it was 
present with the amphipod Corophium volutator, based on the enriched δ 15N signatures 
relative to the basal sources (Chapter 3 and 4). Hughes and Gerdol (1997) found that in 
SE England there is a weak negative correlation between Nereis and C. volutator. 
Future work in the field using stable isotopes may be useful to explore to what extent 
Nereis is feeding on C. volutator, as experiments of interactions between these two 
species is often conducted under laboratory conditions (Jensen & André, 1993). 
Nereis is a useful bioindicator species of metal pollution in estuaries (Durou et al., 
2007), however, it may not be as sensitive an indicator for the effects of organic 
enrichment, compared with smaller polychaetes, such as Capitella sp. (Pearson & 
Rosenberg, 1978; Cardoso et al., 2004). The response of Nereis to organic inputs has 
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been reported to be both negative (Cardoso et al., 2006) and positive (Beardall et al., 
1990; Beukema & Cadée, 1997; Essink, 2003; Ait Alla et al., 2006). The mats of Ulva 
sp. present in the nutrient enriched sites studied in SE England provided an important 
dietary source for Nereis (Chapter 3). It is not clear, based on my results as to whether 
populations are benefiting from these additional organic sources, and whether there 
were quantitative differences in food availability between the polluted and putative 
clean sites. Food quantity has been shown to be important. An increase in food will 
increase the amount of sediment re-working by Nereis, and thus the intensity of 
bioturbation occurring (Nogaro et al., 2008). However, if the biomass of algae becomes 
too high then this may be detrimental for populations (Cardoso et al, 2004). At the 
polluted site on the Blackwater, a dense mat of algae on the mudflats had reduced the 
local populations underneath, but was still shown to be an important food source for 
Nereis nearby that were not covered by the mats.  Differences in densities and biomass 
may be a useful indicator of the impact of organic inputs; however, other factors may 
also have been influencing these indicators in our study.  
Chapter 3 and 4 also showed, using stable isotopes that Spartina sp. is an important 
dietary source supporting Nereis across many sites in SE England. It was hypothesised 
by Paramor & Hughes (2007) that the increase in Nereis may be in part related to the 
historic expansion of Spartina anglica in this region in the first half of last century, 
which would have increased the supply of detrital food available to Nereis. This 
deduction was formulated from studies in the USA, where large monotypic stands of the 
invasive Spartina hybrid (S. alterniflora x S. foliosa) was supporting populations of 
nereids, and subsurface feeding annelids (capitellids, oligochaetes), whereas less 
tolerant invertebrates numbers (i.e. bivalves) had declined (Levin et al., 2006). The 
direct comparison between the newly accreting sediments of Wallsaea Island and an 
adjacent saltmarsh (Chapter 4) showedvthat Nereis is supported by benthic algae within 
the mudflat habitats of the realignment, but on Spartina sp. detritus within the mature 
salt marsh habitat.  
In Chapter 5, the exclusion study at Wallasea Island managed realignment initially 
supported previous, comparable experiments previously conducted, where in the 
absence of large burrowing Nereis there was an increase in benthic primary productivity 
and sediment stability. However, while the present exclusion study successfully reduced 
numbers of Nereis and increased primary production, it did not facilitate the successful 
development of benthic macroalgae (Ulva sp.) and saltmarsh, nor provide refuge for its 
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smaller conspecifics, or for the spat of bivalves.  However, it is possible that the limited 
temporal and spatial scale of the experiment was responsible for the latter. 
Large variations in densities, biomass and size distributions of Nereis were reported for 
SE England estuaries in this study. For example, there were higher densities reported 
from the Orwell and Deben compared with the Crouch and Blackwater (Chapter 3), and 
differences in densities between populations of the same estuary (i.e. Bridgemarsh 
Creek (Chapter 2) and Wallasea Island (Chapter 4 and 5). Data acquired during this 
study indicate that there are a number of factors which vary within and between these 
estuaries, all potentially capable of affecting Nereis population structure and density, in 
isolation or in combination.  For example, Chapter 2 suggested that there are large 
differences in the dispersal mechanisms and Chapters 3 and 4 revealed that Nereis may 
vary or switch feeding behaviour in response to localised organic matter sources. A 
meta-analysis to interpret patterns in abundance of Nereis in this region and from other 
estuaries in Europe may be a useful tool for characterising how distribution across 
estuaries may change in relation to environmental conditions. 
Estuaries represent fluctuating environments, and thus provide an obvious selective 
force towards spatial heterogeneity among populations (Scaps, 2001) and the results 
from this study have supported this. Populations of Nereis showed variability in their 
dispersal and feeding behaviour, therefore, making it difficult to define at a landscape 
scale the potential impact that Nereis will have as bioengineers in these sediments. 
However, the advantages of maintaining relatively genetically isolated and discrete 
populations, is that subsequent generations will adapt to the environmental conditions 
specific to their habitat, which across an estuary can change frequently. Nereis is a 
highly adaptable organism in that its relatively large size compared to other infauna, 
naturally high densities, rapid colonisation abilities, and opportunistic feeding 
behaviour, ensure it will continue to be a dominant member of estuaries in SE England. 
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APPENDIX 1 
 
 
Appendix 1  Mean (± SD, n = 3) stable isotope signatures (δ 13C ‰ and δ 15N ‰) of 
Nereis and potential food sources sampled at the Gann estuary (South-west Wales) in 
Spring 2008. 1 = Nereis, 2 = sedimentary organic matter (SOM), 3 = suspended 
particulate organic matter (POM), 4 = Fucus vesiculosus , 5 = Ulva sp., 6 = Spartina 
sp., 7 = Puccinellia maritima, 8=  Atriplex portulacoides, 9 = Suaeda maritima (young 
shoots), 10 = Salicornia sp. (young shoots), 11 = Salicornia sp. (dead standing).  
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